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AUTHOR'S PREFACE 

This book is intended to give, in a reasonably adequate engineering 
form, a diaeuasion of the more important hydraulic problems wbioli 
arise in connection ^th pipe lines and pipe line flow. No attempt 
has been made to cover the enbject from the stmctnral or descrip- 
tive vie-wpdnts. In C!hapter V the treatment is partly stnictural 
and deacriptiTe, bnt rather ae incidental to the main pmpoee of the 
■work. 

Chapter I presents briefly the elementary prind^Jes relating to 
pipe line flow with some special emphasis on the subjects of pipe 
friction and secondary losses due to miscellaneous turbulence. 
Spedal attention may also, perhaps, be directed to the series of 
relations and expressions in Section II and to the treatment ctf 
network systems in Section 21. 

Chapter It presents the subject of surge, not with analytical 
detail but in such manner as to place before the engineer a variety 
of meuis for dealing with this important problem. Attention may 
be directed to the special apphoation of the principles of similitude 
as applied to this problem, thus bringing it within the range of 
laboratcH? investigation. 

In Chapter m is given a reasonably full analytical treatment of 
the subject of water ram or shock. This seems to be justified by 
the absence, so f u as the author is aware, of any measurably 
adequate discussion of this subject in the English language. The 
method employed starts with the fundamental principles as first 
developed by Joukovsky. The details of the development are 
however, largely independent of other sources. Special attention 
may be called to the discussion of other proposed formolee for 
shocks showing the necessary limitations which must surround 
their use, and in particular to that of Allievi which has been so 
commonly employed without a proper appreciation of its necessary 
limitations. Attention may also be called to the extension of this 
method to include the hypothesis of partial or imperfect reflection 
at the valve — and of the need of experimental work to serve as a 

702495 ,. , 



viii AUTHOR'S PREFACE 

baBU for detennming what degree of reflection may be expected 
under various operating conditions. 

Chapter IV presents, with some new material, the general subject 
of stresses in pipe lines, dne either to statio pressnre or under 
conditions of flow. 

Chapter V prefiente some descriptiTe and structural material, 
especially with reference to materials, joints, fastenings, flttii^, 
etc. It gives likewise some discussion of the problem of economic 
design and of a number of special problems connected with the 
instaUation and equipment of pipe lines. 

Chapter VI presents a brief discussion of oil |Hpe lines, or more 
broadly of any pipe line intended especially for the carriage of 
viscous fluids. Particnlar attention may be directed to the method 
of treatment involving the use of the general equation of flow as 
discussed briefly in Appendix I. There seems good reason to 
believe that if the frictional resistance is thus determined, aa a 
fuQCtion of diameter, velocity, density and viscosity, with a proper 
allowance for the physical condition of the flow surface of the pipe, 
the reeulta wiU be entirely rehable and the design of such pipe lines 
may be undertaken with the same degree of confidence as in the 
case of those for the flow of water. 

Any work of the character of this volume must be, in large parts, 
a compilation and adaptation of material drawn from many sources. 
It has been the intention to give credit whenever direct use has thus 
been made. The reader wiU find, however, a considerable amoimt 
of material which is either new or which has not been commonly 
presented in the form here given. 

It is hoped that the work may prove of some direct help to 
engineers in dealing with the hydrauHc problems of pipe line flow, 
and also that it may serve as a stimulus to the further study of 
many phases of these problems regarding which our knowledge is 
still entirely too fragmentary. 
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NOTATION FOR UNITS OF MEASURE 

In order to faoilitate r^raoMktation in typographical form the fc^wing 
notation ia employed : 

Feet (t) 



Squ^e inffbwt ......-...'.<*....-.-......... {12) 

Poundi per equare foot (pf2) 

Poonda per aqnare inch (pi2) 

Pounda per cubic foot (pf 3) 



Feet per aecond (fa) 

Cubic feet per aecond (fSa) 

Note that theae deaignationa in Roman type are placed in parentheses. 
This wilt serve to diatinguiah them from other quantitiea which might be 
denoted by the aome letters. 

Note also that throuf^out the text the oblique line ia need se the sign of 
division, tbua a/b, dv/dt, etc. 
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HYDRAULICS OF PIPE LINES 



general hydraulic principles— steady motion 
1. Energy of a Flowing Stream 

As shown in the elementary theory of hjrdraulics the total energy 
of a flowing atream must be conaidered under three heads. Specific- 
ally in referring to the energy of a stream we mean the energy of 
one pound of the liquid at a definite location in the line. In 
hydraulics the word Head is very commonly used instead of energy. 
It must be remembered, however, that the word head thus em- 
ployed means in effect the energy of one pomid of the liquid 
contents of a Sowing atream. With this understanding the three 
components of the energy or head are aa follows : 

(o) PreBBure energy or pressure head - 

(6) Kinetic enerey or velocity head -- 
*? 

(c) Potentiid energy or gravity head z. 
Where p=pre8sure, absolute (pf2). 

u'=weight (irfS). 
v=Telocity (fs).'-;| 

e=elevation of given point above reference datum (f). 
In addition to these three primary forms of energy we must 
recognize two incidental or secondary forms. 

(d) The kinetic energy of eddies, vortex motion and turbulence 

generally. 

(e) Heat energy. 

The entire theory of hydraulics, with special reference to the 
dynamics of stream and pipe line flow, is ba«ed on certain funda- 
mental propositions which will be briefly stated, referring the 
reader bo elementary textbooks on the subject for a more detafled 
treatment. 

1. The three fundamental forms of energy (a), (b) and (c) are 
mutually convertible into each other and into mechanical work. 
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2 :: •- HYDRAUWCS OF PIPE UNES 

2. Ai>7.^ul.ali 5^ tlie 'tHi^ , fundamental fonns (a), (b) and {e) 
are (%A^e^l}tGL&ito efth^ o( the seoondary forms {d) (e). 

3. Ncatli^'ol the'fbttAs ({f)'oi (e) is convertible into (a), (6) or 
(c), or into mechanical work. A vortex or eddy or turbulence of 
any kind onoe formed can never be untangled or transformed 
back into any of the three avtulable forme. Heat once formed 
as a result of the deformation of stream line flow cannot be trans- 
formed directly back into any of the available forms (a), (b) or {c). 

4. Form {d) inevitably degenerates into (e) and becomee 
dissipated as such. 

5. Any action in a stream which results in the fwrnation ot 
enei^ in either of the fonns {d) or (e) involves inevitably the 
ultimate dissipation of such energy as heat, and therefore the 
irreversible transfer of energy from an available form (o), (6) or 
(e) to a form absolutely unavadlaUe in a mechanical sense. 

One of the most important of hydraulic problems is concerned 
with the loss of total available energy or head occasioned by or 
incidental to the transfer of a liquid through a pipe line or other 
form of conduit. 

Let Zf, denote the total available head or energy of one pound 
of water at the origin or starting point 0. At any other point P 
in the line let h denote the amount of energy which has been 
transferred from forms (a), (b) and (c) into forms (d) (e). 
Let Z denote the total available energy at P. 
Then from the conservation of energy we must have 
Zo^Z+h 
<a Z=Za—h. 
Agidn, if we represent Z by the sum of the three components 
(a), (ft), (o) we have 

Zo= ?+^+z+A (I) 

All quantities on the right refer to the point P. The first three 
comprise the total available energy at P while the fourth represents 
the loss in available energy between the origin O and P. The 
quantity k thus trajisfeired irreversibly from the available energy 
to the unavailable form is called the logs of head. 

io this fundamental equation, as noted, p denotes the total or 
absolute pressure at my given point in the stream. In hydraulic 
formulas generally, p is more commonly used to denote rather the 
pressure above tiie atmosphere, and similarly p/w to denote the 
pressure head in excess of the atmos|dieiic head. Care should be' 
e^rcised in all cases to note the ezac^ sense in which the symbol 
for pressure is employed. 

If A is neglected in equation (1) we have the well-known Ber- 
nouilli equation for steady Sow without loss of head. Including the 
term &, (1) is to be oonndered as the general energy equation for 
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GENERAL HYDRAULIC PRINCIPLES 3 

one pound of water at any point in the line and in which the first 
three terms denote the total available energy of one pound of water 
at the point P, while h represents the work done against various 
forms of resistance (and henoe the energy transferred from the 
available forms (a), (6), (c) into the una^ulable forms {d),- {e)) in 
carrying one pound of water from to P. 

More briefly h may be viewed as the measure of the work done 
against secondary and viscous forces in carrying one pound of 
water from O to P. 

Loss of head or loss of energy may thus be viewed directly as 
the energy equivalent of the work involved in various accidental 
phenomena connected with stream line flow. Thus wherever the 
tines of stream flow ase abruptly diverted or redistributed, or 
whenever the stream undergoes abrupt changes in size, or whenever 
stream flow undergoes abrupt change in geometrical character 
generally, there is always, in a slightly viscous liquid such as water, 
a tendency toward the formation of eddies, vortices and confused 
turbulence. Such confused turbulence is also formed at the surface 
of separation between a flowing stream and the containing conduit, 
or generally at the surface of separation of a solid and a liquid in 
relative motion. The confused turbulence thus formed at the 
surface of the containing conduit is due partly to the action of 
roughness and irregularity of surface and partly to the action of 
adhesive forces acting between the solid and the liquid. 

In all cases, tuid no matter how produced, the formation of 
eddies, vortices and turbulence in general requires the expenditure 
of work which can only be famished by transfer from the available 
forms (a), (6), (c). Such formation always involves, therefore, a 
transformation of available energy into forms {d) and (e) ; primarily 
into (d) and ultimately all into (e). 

For convenience of discussion we may classify these losses as 
follows : 

(1) Loss of head due to turbulence formed at or near the surface 

of the containing conduit and due to roughness of surface 
and to the action of adhesive forces. 

(2) Loss of head due to all other causes involving miscellaneous 

turbulence and redistribution of stream line flow. 

Loss (1) is commonly referred to as due to friction, though the 
actual phenomena involved have little in ctnnmon with those 
characterizing the frictional resistance between two solids. 

Loss (2) we shall refer to as due to miscellaneous turbulence. 

Before proceeding with the discussion of these various forms of 
loss of head it will be well to note at this point that in Appendix I 
will be found a brief discussion of the general theory of pipe line 
flow ae developed from the jninoiple of dimensions, and including 
the influence dae to the viscosity and density of the liquid, and with 
due regard to their dependence in turn on temperature. It appears 
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4 HYDBAUUCS OF PIPE XJNBS 

that there are in geimal two modes of Sow for a fluid moving in a 
ppe or conduit : (1) stream line and (2) turbulent, but that in all 
caaes arismg in ordinary engineering practtoe, the flow of water 
ooGura under the twbvient mode. 

With regard to viacoeity, the Tariation in the caae of water, at 
least over ordinary worhdng temperatures, is relatively small, and 
viacoeity as a factor in the problem is of relatiyely smell importance 
in the turbulent mode of flow. For these reasons, in ordinary 
hydraulic problems, commonly no attempt is made to include this 
factor. 

With regard to density, the variation with temperature is 
relatively greater, but the influence of this factor on lost energy 
measured in terms of bead is relatively small in the caae of turbulent 
flow, and it is therefore coimnonly neglected. If the loae is expressed 
in terms of pressure, however, the denaity enters directly as a factor 
and cu^e must be taken in transforming head into presaure that the 
proper value of the density as effected by the temperature ia 
employed. 

On the other hand, in the case of crude petroleum oil uid such- 
like liquids, the influence of viscosity as dependent on density and 
temperature commonly plays a controlling part and must there- 
fore be included in any determination of the value of the lost head. 

For a discussion of formohe and methods of computation where 
the influence of viscosity must be included, see Appendis: I and 
Chapter VI on oil pipe lines. In the present chapter, dealing with 
water conduits primiuily, the usual practice will be followed and the 
relatively small influence due to variations of viscosity and density 
with temperatiu^ will be neglected. 

We shall now proceed with the discussion of certain formulae 
conunonly used for the computation or estimation of these various 
forma of loss of head. 

In general we shall designate all such losses by h. The context 
will always show whether special reference is intended to loss (1) as 
above (akin effect) or loss (2) (turbulence) or to the sum of the two. 



2. Loss OF Head, Chezy Formula 

The loss of head due to so-called " fluid friction " in a conduit 
with liquid flowing under steady conditions depends, aaide from 
viscosity and density, on the following factors : 

(a) The velocity of flow. 

(b) The character of the surface. 

(c) The length of the conduit. 

(d) The transverse dimensiona and form of the conduit. 
Various formulEB have been proposed for the purpose of relating 

the factors in this proUem. The beat known and most conunonly 
employed is the so-called Ch^y formula. 
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GENERAL HYDRAULIC PRINCIPLES 5 

Let ti=vel. (fs). 
0=coefflcient. 
(Whydniulic gradient =%/£. 
r=:hydraulic mean radiiia=j4//*. 
A^friction head (f ). 
£— length of conduit (f). 
A "^cross section area (f2). 
P=wetted perimeter (f). 
We then have the following formulfe : 

v=Gy/u- (2) 

or A=^^ - (3) 

In this formula fw h, ^diich is admittedly not fully rational, 
especially as regards the index of v, the ooeffioient C must include 
some influence due to factors (a), (6) and {d) above. Wth values 
drawn from experience, however, and representing th^e factors, 
the formula 'will give reliable results within the range of values 
covered by the experimental basis. 

It results that the values of (7 in this frarmula must be selected 
with reference to velodly, roughness, and size of conduit. 

In the use of the Ch^y formula or any of its derivatives, care 
must be taken to distingiush between the hydrauho gradient * and 
the actual gradient on which the pipe is laid. In the case of a pipe 
running under pressure, there is no necessary relation between 
the two, 

3. Loss OF Head. Kutter's Formula 

As an aid in the selection of a value of C for the Ch^y formula, 
Kutter's formula is frec[uently employed, though it should not be 
forgotten that this formula was orginaUy developed for the dis- 
cussion of the problem of the flow in open channels. The formula 
is furthermore empirical rather than rational in its relation of the 
three controlling variables, hydrayUc gradient, roughness and 
geometry of conduit. The use of this formula for the determination 
of the coefBcient C in the Ch^ formula (equation (3)], should 
therefore be made with some reserve, and {veferably as based on 
observation for closely similar conditions. 

Let n —roughness coefBcient. 

Then in English units Kutter's formula is as follows : 



In this formula the hydraulic gradient i is intended to represent 
the velodty, r represents the transverse dimensions or (toss section 
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6 HYDRAULICS OF PIPE LINES 

of the coiLduit and n repraeenta the chariujtei and condition of the 
surface. 

In any given case i and r will be known and n moet be assumed 
by judgment in aecordanoe with the obaracter of the surface. 
Typical values will he found in Sec. 7. 

The computation of valnee from (4) is somewhat tedious, and 
examination shows further that the variation over the range of 
ordinary values of * is relatively small, and in consequence by taking 
i constant at a mean value, the formula may be simplified in marked 
degree. Thoe if t be taken constant at 1 : 1000 the formula reduces 
to 1-8 

—+45 
C=-^-^ (5) 

v. 

The simpler form of (5) may be further justified by the considera- 
tion that the presumable error due to the use of (5) rather than (4) 
will be smsll in comparison with the uncertainty which will inevit- 
ably attach to the arbitrary selection of a value for the roughness 
coefficient n, or to the use of the formula itoelf lor finding the value 

of a 

4. Loss OF Head. Exponential Formula 

Beference has been made in Sec. 2 to the fact that the Ch^y 
formula is not quite rational in taking resistance or loss of bead to 
vary with the square of the velocity. 

Experiments with varying velocities in conduit fiow as well 
as a vast amount of research in the related field of ship resistance 
show that, with the other factors constant, the resistance or loss 
of head due to friction varies with the speed according to an index 
which may range about 1-83, but which, in practically all cases, is 
less than 2. In a more fully rational formula for loss of head, the 
velocity v should, therefore, have an index approximately 1-83 or 
1-86. Several fonnulte of this character have been proposed. Of 
these one of the best known is that proposed by Williams EUid 
Hazen, as follows : 

Let r=mean hydraulic radiua=^/P as in See. 2. 
t=hydraulic gradient=A/i as in See. 2. 
jB— coefficient, 
G^coefBcient in Chfey formula. 

WilUama and Hazen Formulee : 
v=Br°-m'>'* (6) 

7>,l-8B 

»>i *=s^a:ir (7) 

or t>=l-318Cr" r" (8) 
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GENERAL HYDRAULIC PRINCIPLES 7 

Id (6) and (7) £ is a coefficient which ia supposed to depend on 
rouglinese alone and which may be selected on the baaia of the 
same features as for n in Kutter's formnla. In (8) and (9) the 
niimeiical factor is introduced in order to relate B of (6) and 

(7) to the coefficient C of the Ch^zy formula. For average oi 
typical values of t=-001, and r=l, it is readily seen that B= 
(■001)— <'*C=1-318C. Hence in the form of (8) or (9) C may be 
selected for the given character of surface and aasuming a hydraulic 
gradient of -001 and a mean hydraulic radius of 1. This value in 

(8) or (9) will then give (he proper results with the actual gradient i 
and actual radius r. The aignificance of this form of the coefficient in 

(8) and {9) lies in the fact that many engineers prefer to estimate 
directly the value of (7 in the Cb6zy formula, and, with nearly 
standard conditions as to hydraulic gradient and radius, are able 
to do BO with quite satisfactory accuracy. There has accumulated 
in the literature of this subject, furthermore, a large amount of 
material bearing directly on values of C for the Ch4zy formula, and 
thus serving as a basis for the inunediate selection of this coefficient 
for various conditions. K it is understood that the C of (8) and 

(9) is the C of the Cb^zy formula for r=l and t='001, a large 
amount of this data becomes immediately available for purposes of 
selection. 

The prindpal practical drawback to the use of exponential 
formulas lies in the more complicated numerical procedure which 
is involved. As an aid in making such computations effective use 
may be made of logarithmio cross section paper, and as an exten- 
sioa of the same idea a special ahde rule has been devised for the 
direct computation of the terms in equation (8). 

6. Loss OF Head. Oarcy's Coefficient 

The following formula is given in all elementary works on 
hydrauUcs : r .,■ 

^=fih '"" 

where /^^coefficient as below : 

L=length. 
Z>^diameter. 
w=velooity (fs). 
Note that in the above formula L and D must both be meaaured 
in terms of the same unit. 

In this formula / represents a roughness or friction coefficient 
which decreases with increase in either D or v. The variation with 
V is, however, shght and may usually be neglected. For variation 
with diameter Darcy recommends a formula which may be 
expressed in the form nni aa 

/-02+^ (11) 

where D is diameter in feet. 
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This VEilue of / ia lecommended for clean pipe. For old pipe a 
suitable increase up to double value should be made. 

Comparison with the Ch^zy formula in Sec. 2 develops immedi- 
ately the folloning relations botween / and C. 

'~C~ C 

/gj_l6jK 

Worn the above value of / we readily find 



=\/ -0 



257-3i) 

(12) 



■02/>+ 00166 

CorreBponding values of/ and Q are given in Table 1. 



6. Loss OF Head. Volume Flow Formula 

Let Lslength of conduit (f). 
ti=velocity of flow {fa}. 
F=volunie rate of flow (fSa). - 
J9=oonstant depending on form of cross section. 
<7=coefBcient in Chtey formula as in Sec. 2. 
r=}iydraulic mean radius (f). 
.4=area of section of conduit (f2). 
Then we may put 

and the Chdzy formula 

, ho* 

is readily pnt in the form 

k-JfIL 

B'Cr' (13) 

For a circular cross section 5=45r, r=f>/4, and we have 
64i)2 _6-48ir" 

5r*C*Ds~ C^D^ * ' 

'UtB'-DW ,,5, 

L 



V^ 



7. Suggestions Regarding Practical Values 

OF n AND G 

The value of the roughness coefficient n of Kutter's formula, in 

cases arimng in practice, ia commonly found between -010 and -016. 
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GENERAL HYDRAULIC PRINCIPLES 9 

Following are valneB relating to jape line or conduit surfaceB as 
assigned by Kutter : ' 

Material. n. 

Well-planed tamber -009 

Neat cement. ...... -OlO 

Cement Trith one-third sand .... -Oil 

UnpUned timber ...... -OlS 

Ashlar and brickwork -013 

Unclean s\irfaces in sewers and conduits . . -015 
Later observations seem to indicate further values as followB : 
Concrete conduits with smooth plastered 

surface when new .... -Oil to -012 

The same condaii« with ageing and a gradu- 
ally acqnired gelatinous or slime-coTered 

surface -013 to -014 

Iron and steel pipes -013 to •0X5 

Wood stave pipe -Oil to -012 

There is, of ooorse, no definite upper limit for the measure of 
roughness and with fiaking and scaling of cement-Uned surfaces or 
with corrosion and tubeiculation of iron and stee! pipe the values 
of n may rise to -020 or more. 

Turning now to the direct estimate of the value of in the Chfey 
formula, the following suggestions are given : 

For new cast-iron pipe with speciwly smooth surface, G may 
rise to values approaching 140. For average new cast-iron pipe a 
value of about 130 may be anticipated. With corrosion and fouling 
the value of C will fall, according to the degree of roughness, to 
values approximating 100 or less. Where the capacity of a cast-iron 
pipe line after some period of years is in question, values of C from 
100 to 110 may usudly be employed. 

For cast-iron ppe 4 inches diameter to 60 inches diameter, 
Wlliams and Ha^n* estimate that beginning with 1 30 when new 
the value of C will decrease to 100 in from 13 to 20 years and to 80 
in from 26 to 47 years. In eaoh case the shorter range of years is for 
the 4-inch size and the larger range for the 60-inch size. Inter- 
mediate ranges are for ini«rmediate sizes, the range for any one 
value of O increasing at first rapidly and then more slowly in going 
from the smaller to the larger sizes. Again for each size of pipe the 
decrease in <7 is at first rapid and then more gradual with increasing 
age, the values for small pipes f alUng oS more rapidly than those for 
laj^. These relations between the value of 0, size of pipe and age 
are expressed in tabular form by the authors above mentioned, not 
as exact or precise results to be anticipated in all cases, but as a 
generalization based on wide observatipn and careful judgment. 
The authors are careful to state that the ranges of yeus stated are 
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intended to apply fnimarily to soft and clear bnt unfiltered river 
waters. Some waters will corrode oast-iron fnpes muoh more 
rapidly than such a standard, while in other cases, especially for 
hiurd waters, the rate may be much slower. In all cases, therefore, 
careful judgment must be used. 

For riveted-steel pipe, when new, values of C may range about 
110 and upward. With age the v^ue will drop to a range osually 
from 96 to 100, Hazen and Williams* state as a broad generalizatioD, 
that at«el pipe of a given size and age will carry the same quantity 
of water as oaet-iron pipe of the Bame siee and ten years older. With 
bntt-strap circumferential joints, approximately flush riveting on 
the inside and special care to realize good hydranlio conditions, C 
for new pipe will rise to values abont 120, falling with advancing age 
to values ranging from 100 to 110. 

For new welded-steel pipe with care at the joints to give, as 
nearly as may be, a smooth continuous surface, the value of C may 
be taJcen 120 to 130. With advancing age this will drop to values 
ranging from 100 to 110. 

Pipe of lead, brass, tin, f^aae, or of other like material giving a 
smooth semi-polished surface, will ffva valueB of up to 140. 
A very slight roughening, almost imperceptible to the eye, will 
serve to reduce these values to 130 or 120 or leas. 

For smooth-wood or wood-stave pipe, values of C from 120 to 
130 have been noted in several cases. 

For masonry or concrete conduits with smooth cement-plastered 
surface, values of C from 130 to 140 may be anticipated when new, 
falling with age and the development of a slime-covered surface to 
values ranging from 120 to 130, and to atill lower values if accom- 
panied by flaking or scaling. Ultimate values of 120 or less will 
also be appropriate if the sunaces ahow alight waves or irregulimties, 
as is often the case with ordinary contract work. 

For vitrified pipe a v^ue of about 110 may be employed, thus 
allowing for some lose at each joint, due to roughiwss or a slight 
sudden expansion in cross -sectional area. 

In the preceding discussion regarding the values of the coefficient 
C, no specific reference has been made to the dependence of G upon 
size of pipe and hydraulic gradient or velocity. In so far, however, 
as the general indicationa of Kutter's formula are applicable to pipe 
flow, it appears that for a given assumed degree of roughness, the 
values of C increase with the hydraulic mean radius r and with the 
hydraulic gradient t or otherwise with the hydraulic mean radius 
and with the velocity. For large pipes and high velocities we may 
therefore anticipate relatively high values of G and for small pipes 
luid low velocities, smaller values. 

The form of the Ch6zy formula, when compared with the known 
experiments facts regarding surface fluid resistance, shows, further- 

• fcw. cil. 
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more, that we should anticipate such a dependence of C on the other 
factors, especially velocity or hydraulic gradient. 
Two practical questions then arise : 

1. For what nzes and hydraulic gradients are the values of C, as 
above indicated, intended to be applicable ? 

2. What is the general character of the change in the value of 
C with varying hydraulic mean radius or vwying hydraulic 
gradient % 

In answer to the first of these it may be stated that, Iwoadly, the 
values given have been derived by observation from casea where 
for the most part the hydraulic gradient approximates ■001, and the 
hydraolic mean radius ranges, say from ■2(f) to 1(f). That is, the 
very small sizes of pipe are excluded from the range intended. As 
a middle range we may assume the values of C7 as stated, primarily 
applicable to cases approximating as fdlows : 
i=-001 
r= ■50(f) or 
Z>=2(f). 
We may then pass to the second query. Kutter's formula is, of 
course, intended to answer just this question, or more ejwctly to give 
C for any assumed value of the roughness coefGcient n with any 
given value of » and r. 

We shall prefer, however, to take the direct results of pipe fiow 
obserrations, as on the whole more satisfactory than the numerical 
values of the Kutter formula, which, as previously noted, was baaed 
primarily on the flow in open channels. 

A suitable analysis of the Williams and Hazen formula (see 
See. 4), and into the details of which we need not enter here, serves 
to show that if we denote by C^ the value of the coefficient G, 
which is properly applicable to a standard value of the hydratilic 
mean radius r^ and a standard value of the hydrauUe gradient tg, 
then the value C properly applicable to any value of r imd i will 
be given approximately by the formula: 

0=(!j'-\ (f) (18) 



That is, starting from standard values the value of C varies 
as the eighth root of r and the twenty-fifth root of i. It follows 
that the variation with i is much slower than with r. 

Assuming then any value of Cg as suited approximately to the 
vtdues of r,=-B and «o=*001, we may from (16) obtain an indica- 
tion of the suitable value of C for any other value of r and t, as 



It should be here noted that the tabular values of C given by 
WilliMus and Hazen are stated to apply primarily to values ro=l 
and »o=-001. The law of variation is, however, the same, and the 
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Talnes ra=-5 and t=-001 are here chosen as on the whole better 
suited to the general ran|^ oi values oi C above mentioned. 

. It may also be noted that a suitable analyda of Kntter'e formula 
shows likewifie a very similar though not equally regular law of 
variation of C with r aud i. 

Talae of C derived bom / in Daroy'i Famoln. — A check on 
the value of C may be obtained by the use of the relation between 
the two coefBdentfi of the Darcy and Ch4zy f ormulsB. This relation 
has been noted in Sec. 5. In Table I corresponding values of / 
and G are given ^unst diamet«r. It is seen that the table is not 
curied beyond a diameter of 2 feet. This is for the reason that 
this formula gives values too small for large pipe. The Darcy 
formula with the value of / proposed for dean jripe should not be 
employed for large pipes for this reason. It is readily seen that 
aocon&ng to the formula showing the relation between / and C, the 
maximum value of 0, no matter what the diameter, will be ■\/MtOg= 
113-4. This value for large dean pipe is entirely too small, while 
on the other hand, for pipe up to perhaps 1 to 2 feet in diameter 
the vfdues agree well with general experience. 

It may be noted also that Darcy recommends the value for / 
as stated in Sec. 5 to be applied to new dean pipe, with an increase 
in/up to 100 per cent for old and corroded pipe. This is evidently 
equivalent to a deereaee in the value of & in the ratio 1-00 to 
1-41. For mtennediate states of roughness or corrosion, inter- 
mediate values will naturally be taken. 



7030 
■2 -00830 -02830 9092 
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Hamilton Smith'i Coefficients. — As the result of an extended 
examination t>f pipe flow data, Hamilton Smith has deduced a 
series of coeffidents, varying with diameter and velocity. In the 
development of these coeffidents a very large amount of data was 
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■01660 


•03660 


■0O83O 


•02830 


•00553 


•02553 


•00415 


•02415 


•00332 


•02332 


•00277 


•02277 


•00237 


•02237 


•00207 


•02207 


•00184 


•02184 


•00166 


•02166 


•00111 


•02U1 


•00083 


•02083 
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oiitioaUy exfunined and great c&ie waa taken to elitninate doubtful 
roeulta and to develop a set of valnes for tbe coefBcient C, based on 
reliable and consistent observations. These values have, in conse- 
quence, been videly accepted as presumably tbe most reliable 
[resent expression of tbe results of actual experience. 

It should be noted that these coefficients do not contain allow- 
ance for varying degrees of roughness. It is understood that the 
oteervations oa which they are bB«ed relate broadly to cast-iron 
and riveted-steel ppe with clean and smooth interior surfaces ; 
thftt is, to what may be taken as substantially new pipe. 

Smith's observations are reported in the original paper* in the 
form of tables giving values for C against varying values of diameter 
and velocity. In order to compare with other authorities giving C 
against diameter and hjrdraulic gradient, and for direct use when 
the hydraulic gradient is given rather than the velocity, it is con- 
venient to transform these values into an equivalent set giving 
G against diameter and hydraulic gradient. 

In Table II the coefficients aie given in the ori^al form, and 
in Table lH the equivalent vidues aie given in terms of diameter 
and hydraulic gradient. 



Smith's Cokffioibnts 

Values of C *n Chizy Formula, for Clean Caat-Inm and 
Riveted-Meel Pipe 
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• "The Flow of Water through Orifioee, over Weirs and throuKh Open 
Conduits and Pipes," J. Wiley and Bona, New York, 1886. Also^'Trona, 



Am. Ek>c. C.E., 1883." 
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Smith's Cobffiois»t8 

Vainer of C >n Ch4zy Formvia, for Clean Coat-iron and 
Bivetedsteel Pipe 

These values are transfonned from those of Table II in such maimer 
ae to make diameter and hydrftolio gradient the determining 
variables. 
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BetiFeen these two tables a value is readily selected for any 
oomlHnation of the variables within the range which they are 
intended to cover. 

Valtu ol C derived from Ship Besistance ExperimentB.— Ex 
tended Bud refined inveatigations have determined to a high degree 
of accuracy the value of the coefficient of friction for the resistance 
of ships. This is usually expressed by a formula : 

^ere fi=reBtstanoe (p). 
^=area (f2). 
»=velocity (knots or fs), 
n=an index uauaUy taken at about 1*85. 
i= coefficient. 
Since the loss of head h is measured by the work done in carrying 
one pound against friction the length of the line (see Sec. 11), we 
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readily derive an expreeaion for A in terms of the above formula 
for resistanoe as follows : 

Length of pipe oooupLed by 1 pounds — =jj 

Wetted surface for 1 pound=— = 
wD 

h^E (for 1 ponnd)xi=^^ 

Since hydraolio roditu r=Dfi this becomes 



Comparing this with the ChSzy formula it appears that if n=2 
we should have 



ffince, however, n=l'85, it is readily Been, in order that the 
Ch4zy formula with its index 2 may give the same value of A as 
(17) with index 1-86, we must pat 

0>-'=i' (18) 

k 

Now abundant experiment has shown that for smooth iron and 
steel plates and takmg v in (fe), the value of k may be taken as 
follows : 

Fresh water , , . . A=-0037 
Saltwater .... j!:=-0038 



This gives values otC ob fdlows : 



10 



It will be noted that since w and it both vary directly with density, 
the value of C is independent of density. 

These values are undoubtedly applicable to large pipes with 
smooth surfaces. They furnish, moreover, a confirmation of values 
directly derived from pipe line observations, as noted previously. 
For small pipes where there is mutual interference between the 
filaments of flow and where the conditions between a flat plate and 
an indefinite body of water in relative motion cannot be realized, 
the resistance becomes greater and the value of G less, as preTioosly 
indicated. Also where the surfaces are not smooth, due to corrodon, 
scaling or fouling, the coeflScient of resistance will increase and C 
will decrease as before noted. 
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8. Total Friction Head in Pipe made up of Sections 
OF Different Diameters 

Let Ai, Af, Af, etc., denote respectively the croes sectional areas 
of the vajioQfi aections of pipe. Let L,, L^, L^ etc., denote the 
corresponding lengths. Let A^ be taken as the reference area, and 
let Ai—m^f'=:m^^ etc. 

Let Vj=Telocity in section of area A^. 

Then m,t),= velocity in section of area A^. 

m,t>^=velocity in section of area jly etc. 
A = total friction head. 
Then from (3) we have 



h=l:( 



'm'L\ , 



This expresses A in terms of a sin^e velocity v^ and the various 
ratios m with the other characteristics of the sections. 
Again from (13) we have similarly 



"(s,^'+fiTW+"°) 




For a droular cross section B=iit and r=Dji and we have 



If the variation in diameter is moderate the coefficient C may be 
taken aa constant at an average valoe and we have 






(21) 

Let Da denote any standard or reference diameter and L,, the 
length of a conduit of this diameter which would have the same 
total value of h. Then 



Thus for illustration : 






Given i,= 600,Di=4. 
£,= 800,I»,=3-5. 
L,=1000,i),=3. 
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What is the equivalent length leduoed to a uniioTm diameter of 
3 feet. 



=■2373 and 500X -2373 = 118-7 



(p") =(0) — «27 and 800 X -4627 = 370-2 



= landlOOOxl =10000 

i,= 14890 

Thne a mdform conduit, 3 feet in diameter and 1489 feet long, 
will have the same frictional loss as the actual conduit of varying 
diameters and 2300 feet long. 

In Tahle IV will be found a table of fifth powers for use in con- 
nection with formulae such as those of Sections 6 and 8. 





TABLE IV 








•1 . 


-00001 


2-7 


, 143-49 


•2 . 


-00032 


2-8 


. 172-10 


-3 . 


-00243 


2-9 


, 206-11 


•4 . 


-01024 


3-0 


. 243-00 


-6 . 


-03125 


3-1 


. 286-29 


-6 . 


■07776 


3-2 


. 336-64 


•7 . 


-16807 


3-3 


. 391-36 


-8 . 


-32768 


3-4 


. 464-36 


-9 . 


-69049 


3-6 


. 62S-22 


1-0 . 


1-0000 


3-6 


. 604-66 


1-1 . 


1 -6105 


3-7 


. 693-44 


1-2 . 


2-4883 


3-8 


. 792-36 


1-3 . 


3-7129 


3-9 


. 902-24 


1-4 . 


6-3782 


4-0 


. 1024-0 


1-5 . 


7-6937 


4-1 


. 1168-6 


1-6 . 


10-486 


4-2 


. 1306-9 


1-7 . 


14-109 


4-3 


. 1470-1 


1-8 . 


18-896 


4-4 


. 1649-2 


1-9 . 


24-760 


4-6 


. 1846-3 


2-0 . 


32-000 


4-6 


. 2069-6 


2-1 . 


40-841 


4-7 


. 2293-6 


2-2 . 


61-636 


4-8 


. 2648-0 


2-3 , 


64-363 


4-9 


. 2824-8 


2-4 , 


79-626 


6-0 


. 3126-0 


2-5 , 


97-666 


6-1 


. 3460-3 


2-6 . 


118-81 


6-2 


. 3802-0 
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6-3 . 


4182 


7-7 


. 27068 


6-4 . 


4591-7 


7-s 




6-6 . 


6032-8 


7-9 


. 30771 


6-6 . 


5607-3 


8-0 


. 32768 


5-7 . 


6010-9 


8-1 


. 34868 


5-8 . 


6563-6 


8-2 


. 37074 


6-9 . 


7149-2 


8-3 


. 39390 


6-0 . 


7776-0 


8-4 


. 41821 


61 . 


8446-0 


8-6 


. 44371 


6-2 . 


9161-3 


8-6 


. 46043 


6-3 . 


9924-4 


8-7 


. 49842 


6-4 . 


10737 


8-8 


. 52773 


6-5 . 


11603 


8-9 


. 66841 


6-6 . 


12623 


9-0 


. 69049 


6-7 . 


13601 


9-1 


. 62403 


6-8 . 


14639 


9-2 


. 66908 


6-9 . 


15640 


9-3 


. 69669 


7-0 . 


16807 


9-4 


. 73390 


71 . 


18042 


9-5 


. 77378 


7-2 . 


19349 


9-6 


. 81637 


7-3 . 


20731 


9-7 


. 86873 


7-4 . 


22190 


9-8 


. 90392 


7-6 . 


23731 


9-9 


. 96099 


7-6 . 


26366 


10-0 


. 100000 



9. Minor Losses of Head 

Under thJe general bead we include the Taiious losses due to 
miscellaneoua turbulence and deformation of atream line flow, as 
discussed in Sec. 1. 

(a) Loss ol BetA at Entrance. — When water pbases from a 
reservoir into the open end of a pipe line, there is a loss of head 
depending on the velocity and on the rapidity of the aoceleiation 
from rest to normal velodt; within the pipe. 

This is called the enhance lose and may be expressed by the 
formula: 



A=i^ 



.{23) 



Where ti=veiocity (fs). 

X:=coefiSdent depending on foim of entrance. 

ESementary hydraulic theory with experimental obeecvation 
serves to furnish approximate values of i as foUowB : 

* 
End of pipe flush with reservoir (a) Fig. 1 -60 
Pipe projecting into reservoir . (b) Fig. 1 -93 
Conical or beU mooth . (c) {d> Kg. 1 • 15 to -04. 
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As tbe Tidue of v rarely exoeeda 10 (fe) the value of h with an 
entrance ae a,t (a) would not exceed *76 (f), while with a suitably 
tapering entrance as at c or d it may be readily reduced to '16 {f ) or 
to an amount usually negligible. 



FlO. I. — FOBKS ov Imlxt. 



(b) Loss Due to Abrapt Expansioii in 
Size, — If the pipe line ia made up of 
sections of vuyii^ diameters and the 
transition is sudden from one dze to f-j "t.-j-l-S^Cv- '-'" ' '"} 

another, there will be corresponding r£|^^^g5^r_~~' 4il 
sudden changes in velocity and re- fc»i.V-~'T-4 

Bultant losses of head at these points of 
transition. 

For a sudden expansion (Fig. 2), 
elementary hydraulic theory furnisfaee 
the approximate formula : 

-H:)"l*=a:-')""* '^^' 

Where A^ and A, are the two areas 

% and Wj are the two velocities. 

Subscript 1 relates to the Bmaller size. 

Subscript 2 relates to the larger size. 
Putting this value of A in the form 

»=%"°"|" 

we have for the vfdue of the coefficient : 

K-ty-a:-)' '^'' 

accOTding as A is related to t>, or Vf 

(c) LoiH Dae to Abrapt Conbaction in Size. — In such case 
elementary hydraulic theory shows that the loss is due primarily 



— 


^^t>^ — 


[a. 


- - -->: --^^S^'^-i 


}- 


-^ 



ra. 3. — Loss Dm to CoNntAoxuui. 
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to the expansion beyond the contracted vein which ie formed in the 
entrance to the smaller size ; see Hg. 3. The loss pf head will 
therefore be determined by the relative areas A^ and Ay But the 
ratio A^jA-^ depends on the ratio AJA^ in a miumer wMch experi- 
ment alone can determine. We may therefore expresa this loss by 
the f ormtda : 



h^k"^ 



Where k has values, as in the following table, derived from 
experimental results by Weisbach. 



AJA^ 



•10 -20 -30 -40 -50 



•362 -338 -308 ■ 



■221 -164 



•70 -80 •TO 
■105 •OSS •OlS 



1-0 



Beguding the same loss, Merriman*' gives a formula for the 
oontraction ration A^jA^. Taking the nearest two dgnlEcant 
figures this formula is 

^'=■58+ -"^ 

Using this formula we find values as in Table VI for the coefficient 
h in (26). Note that in this formula t^ loss is referred to the 
velocity w^. Fig. 3. 



k . . 



•10 -20 -30 •« •« -60 -70 -80 -90 1 
•333 -306 ^275 -243 -208 •lOS •m -076 -028 



Bellafflsf quotes values for the contraction ratio A^fA^ which 
lead to the same values of it as quoted from Weisbaeh. 
{d) Loss ol Head Doe to an Obstruction.— In the case of a pipe 



























A^ 












\" 


— ''""-ii^-^-^^"" — 1 i cP^i</- Z" 


— ) 


1 







Via. 4. — Loss Dm to OBSTBTronoH. 



with an obstruction, as in Fig. 4, it may be assumed that the loss 
of head ie primarily due to the sudden expansion beyond the con- 

* "Treatise on Hydraulks," John Wiley and Boiu, New York. Chapman 
and Hall, London. 

t "^draalios," Bivingtons, London. 
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toaoted vein whioh is formed just beyond the reduced opening. 
Let subeoripte 1, 2, 3 refer Trapectively to the reduced opening, to 
the full dze and to the contracted vein, and as above let A denote 
area and v velocity. Then applying the formula of [b) for abrupt 
expansion we have foe the loss due to the obetrootion : 

(27) 






The ratio AJA^ depends upon AJA^. Btmkitae gives the following 
empirical formula for the ratio AJA^ : 
Ag_ -618 

Ai~ ^I^.Q18 {AJA,)* 
From which we readily find 

^. _ V(^,M,)'— 618 

A, 515 ™ 

Putting the above value of A in the form 

*=*!" (2») 

we find by substitutaon in (27) and (28) the following values 
of i: 

TABLE VII 

AJA^ -10 -20 -30 -40 -SO -60 -70 -80 -90 1-0 
k . .229 49 18 8-1 3-9 1-8 -86 -33 -07 

In connection with the same loss Bellasis* gives on experimental 
basis, values for the coeffident of contraction A^jA^ as follows : 



AiJA^ -10 -20 -30 -40 -50 -60 -70 -80 -90 1-0 
A^jAi -624 -632 -643 -659 -681 -712 -756 -813 -892 1-0 

These are the coefficients referred to in connection with the loss 
due to contraction.^and differ but slightly from those given by 
Merriman's formula. The product of the two ratios (AiJA^ {AJA-^ 
gives AfjA^. After the analogy of (26) the value of the coefficient 
k with reference to the lower velocity ti, will be 



=a-:-0" 



,.<30) 



Using this formula with the values in Table VIII we find it as 
follows : 

• too.**. 
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AJA, -10 -20 -30 -40 -60 -60 -70 
i; . . 226 IS 18 7-8 3-8 2-1 -80 



-90 1-0 



-29 -06 



The agreement between the two seta of values in Tables VII and 
IX is very close. 

(e) Lobs oI Head Through Valves. — A valve m&y be considered 
as a speoial form of obstruction. The loss of head in flowing 
through pivtially open valves of the gate 
type, as in Fig. 5, or of the butterfly type, as 
in Fig. 6, ia found to agree approximately with 
the values given by (27), (28), or TaWe VI. 
Therefore if we have given the area of opening 




and the area of pdpe in the case of valves of these typea, we may 
reach at least an ap[»-oximate estimate of the loes of h^id by direct 
substitution in these formulae. 

Experiments on iMge gate valves made by Kuichling and J. W. 
Smith give results as below : 

TABLE X 

Ratio £/£) -06 -10 -20 -30 -40 -50 -60 -70 -80 

(see Fig. 6) 

Ratio AJAt -06 -10 -28 -S« -48 -60 -71 -81 -89 

ifcfor24'valv6 23fi 100 28 11 6-6 3-2 1-7 -96 ~ 

fcor 30* valve 333 111 23 9-4 6-2 3-1 1-9 113 -60 

If these values of k are compared with those of Table IX by 
plotting both seto on an axis of AJA^, considerable divergence will 




Fid. 7. — Loss Dun to Fi.ua Cook. 
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be noted. The agreement, however, is perhaps quite ae dose as 
oould be expected, and the divergence in any ordiiiary case would 
be unimportant. 

In the case of a plug oocb, as in "Big. 7, these values for the toes of 
head are relatively greater, ao indicated in the following table : 



TABLE XI 










•40 -60 -60 
15 6-8 3-1 


■70 
1-5 


■80 
■66 


■90 
■11 


1^0 



Ai/At -10 -20 -30 
k . . 430 93 36 

These various f^mnnlsa and values for loss of head through 
valves rest largely on Weisbach's experimental results. These 
experiments were carried out for the most port on relatively small 
sizes and extension of these results to large sizes is attended with 
some measure of uncertainty. Farther experimental results are 
much needed in relation to these variooB problems. 

(/) Loss ol Head dne to Bends and Angles.— AVhen bends, 
cnrres or angles occur in a pipe line, the change in the direction 
of flow will result in a loss <i head depending primarily on the 
suddenness of the curvature or on the 
abruptness of deviation of the stream line g'j" ' "^i^ 
flow. This loss is due to the work required CJlHr^-^^^*^ 
to bring about the readjustment of the lines {"-■-"rff ~; v J,^ 
of stream flow and also to some degree of ^"^"""^i ^vO \'^\ 
abrupt contraction and expansion with ~ '' \^'V.\*'\ 

eddy formation aa indicated in Fig. 8. K)i"'i| 

Experimental work during the past W'''''\ 

fifteen years in particular has served to V'V<'''tl 

call attention to two important features fi' " " I 

connected with the flow of water around a li / •' ■' 1 1 

bend or turn, as follows : ll.'.-'. { J 

1. In the flow of water around a bend or ^.^^ g —Loss at 
turn, the curve showing distribution of ' ei.bow. 
velocity over the cross section suffers 

marked distortion. Instead of aa appron- 

mate ellipse the curve becomes distorted with the peak of maximtun 

velocity carried over toward the outer or convex side of the curve. 

2. llie influence due to a bend or turn extends far beyond the 
limits of the bend or turn itself. On the upstream side, at least 
for a little distance, the stream will show some changes in pressure 
and distortion of velocity curve due to the changes produced at the 
turn. On the downstream side, the influence of the elbow or turn 
extends to a very considerable distance, showing just below the 
turn miaked distortion of the velocity curve and of the pressure 
distribution. This distance seems to vary with many factors, but 
is usually found between 60 and 100 diameters of the pipe- 
It f dlowB that the actual influence due to a bead or turn is 
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distributed over a considerable length of pipe, and it is therefore 
necessary to define with core the meaning of the term " loss due to 
a bend or turn." As we shall here use this term, and with reference 
to the numerical values given, it will imply the difference between 
the total loss of head over the entire length of pipe influenced by 
the bend or turn, and the loss properly chargeable to an equal 
length of straight uniform pipe with the same hydraulic properties 
and operating with the same velooity. We may properly assume 
that this difference ifi due to the introduction of the bend with the 
resulting change in the direction of flow and the attendant circum- 
stances 08 noted above. 

Again the loas thus defined may be viewed in either of two 
ways: 

1. In the same nianner aa in (a), (b), (c) it may be related directly 
to the velocity head, v*j2g, through a coefficient k. In such case k 
will depend on the ratio of the radius of the fupe to the mean radius 
of the bend, on the angle covered by the bend, on the size of the 
pipe and doubtless on the velocity v. 

2. The loss may be expressed in terms of the length of Btraight 
pipe which, under like hydraulic conditions, would show the same 
loBB. This gives a ready expression for the loss in terms of lineal, 
feet of straight pipe in terms of diameters of straight pipe, or in 
terms of the loss due to a length of straight pipe equal to the 
mean radius length of the bend or turn itself. 

The earliest extended experiments on this subject were made by 
Weisbacb with results as follows for the value of it in the formula : 

Let i>=^diameter of pipe. 

i{=radiuB of curvature. 
Then for an elbow or bend of 90° we have aa follows : 



DIB -40 
B/D 2-50 



100 
1-00 



■63 

•98 1-41 



Likewise for varying angles of turn, presumably for J 
mately 1-6 we have values as follows : 



1-80 200 
■55 -50 
1-98 

approxi- 



Weisbaoh's experiments were made with relatively small pipe, 
and for which the Darcy coefficient may be assumed to vary from 
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■025 to -030. Eecomputii^ the values in Tsble XII into tenns 
of the equivalent length of Btraight pipe, we have the following : 



D/R 
RID 



•78 -89 
1-87 2-13 



TABLE XIV 








■80 1-00 1-20 1-40 


1-60 


1-80 


200 


1-26 100 -83 -71 


■63 


•66 


■60 


1-17 1-61 2-44 3-67 


s-4e 


7-83 


II^OO 


2-80 3-87 S-87 8-80 


1307 


18^80 


26-40 



In the above table Li gives the lengths of straight 2-inch pipe 
with Darcy coefficient =-030 equivalent to the excess loss due to 
the elbow, while L^ g^ves the similar lengths for 4-inch pipe with 
Darcy coefl&cient=<l25. 

Williams, Hubbell and Fenkell,* reporting on an extended 
investigation on curve loss in 90° elbows in large fnpes, give results 
for a 30-inch pipe which indicate a continuously increasing loss 
with increase in the ratio RjD. The genertd results for this size 
pipe are shown in the following : 

TABLE XV 
RjD . 24 16 10 6 4 2-4 

k . .1-4 -96 -82 -66 -27 -24 

Loss . 180 123 105 83 35 31 

In this table the second line gives the value of it in the formula 
h=kv^/2g, while the third line gives the length in feet of straight 
30-incn pipe equivalent to the excess loss due to elbows. 

The velocities involved in the experimento leading to the results 
in Table XV were all low — ^from 1 to 3'6 feet per second. 

As a result of an extended investigation on 90° elbows in 3-inch 
and 4-inch pipe, Brightmorej found results which he expressed 
in tile form of corves showing values of the excess loss in terms of 
head. The value of in the Ch6zy formula for average pipe of 
these sizes may be taken at 110. Using this value and converting 
the values drawn from Brightmore's curves we have the following ; 

TABLE XVI 
Size of Pipe 4 inches. Velocity in (fs). 



4.4 
5-1 



RjD 




s 


10 


■24 


3^7 


8 


■26 


4^0 


S 


■30 


^■^ 


4 


■21 


34 


2 


■34 


6-4 





M2 


17-6 



S 6-0 -39 

2 19-0 118 

Values of k and of equivalent length. 
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In the above table the first column trnder each velocity gives the 
valae of i in the equation h=kv^/2g, wbila the second column 
gives the length in feet of straight 4-inch pipe equivalent to the 
excess loss due to elbows. 

TABLE XVU 
Size of Pipe 3 inches. Velocity in (fs). 



•24 


2'8 


■30 


3'6 


'34 


4'0 


•30 


3'6 


'43 


60 


1'12 


13'1 



1-31 15-2 118 13-9 

Values of k and of equivalent length. 

In the above table the first column under each velocity gives 
the value of i in the equation h=h}*l2g, while the second coluion 
gives the length in feet of straight 3-inch pipe equivalent to 
tiie excess loss due to elbows. 

In Brightmore'a experiments the elbow of ratio SjD=0 was 
represented by a Tee plugged at one outlet. 

Reporting on the results oi an extended investigation on 90° 
elbows in a 6-inch pipe line, Schoder* gives results as follows : 







TABLE XVm 










Velocity in 


(fe). 








3 


{ 


i 




10 


16 


'34 


9'4 


'27 


7'8 


19 


6'6 


14 4'3 


'15 


4'2 


'09 


2'6 


'06 


1'4 


'016 0'6 


'21 


60 


16 


4'5 


11 


33 


'08 2'6 


'28 


7'8 


'21 


6'2 


'17 


6'1 


13 4'1 


'28 


7'8 


'21 


61 


'17 


6'1 


14 4'3 


'14 


40 


12 


3'5 


11 


3'3 


'11 3'3 


'24 


6'6 


'18 


5'3 


16 


4'7 


'12 3'8 


'21 


6'8 


'18 


51 


16 


4'7 


■12 3'8 


'22 


6'2 


19 


6'4 


•17 


5'1 


•13 4^1 


'25 


7'0 


'21 


6-2 


19 


5'8 


•16 49 


'24 


6'8 


'24 


6-9 


'23 


6'8 


•29 8<S 


•39 lO'S 


'33 


9'« 


'30 


S'9 


•26 W 


Wu< 


iB ot k and of equiralenb length 





" Ttbm, Api. Soc, C.p,/' Vol. LXU. 
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la the above table the first column under each velocity gives the 
value of £ in the equation h—kv^l2g, while the second column gives 
the length in feet of straight 6-inch pipe equivalent to the excess 
loss due to elbows. 

In converting from one set of values to the other the following 
values of the coefficient O are employed, being those given by 
Schoder for the particular pipe and velocities employed. 



6 122 

10 124 

16 126 

In connection with the same investigation Schoder reports 
measurements on certain lengths of 8-inch ^pe line containing 
slight bends, one of 3-8°, and a reverse curve of 2-18° in one direction 
and 2-81° in the other, all of which failed to indicate any measurable 
loss due to the bends. 

In discussing Schoder's results, Davis* gives values of the loss 
due to 90° elbows in a 2-inch line for a number of different values 
of R/D. These are given in terms of loss in head in feet. From 
these results we may derive the foUowii^ : 



Size of Kpe 2 inches. ' 


Velocity in (Is). 


R/D e 


15 


10 -31 2-4 


■43 3-4 


5 -19 1-6 


■40 31 


2-5 -26 20 


•40 3^1 


1-15 -46 3-6 


■60 i-7 


•OOt 1-65 12-9 


TOO 12^5 



Values of k and of equivalent length. 

In the above table the first column under each velocity gives 
the value of £ in the equation h=kv^/2g, while the second column 
gives the length in feet of straight 2-iuch pipe equivalent to the 
excess loss due to elbows. In converting from one set of values to 
the other a typical value of C^llO was employed. 

Experiments on a wide variety of small and medium sized elbows 
and fittinj^ have given indications as below for the value of it in 
the equation h=h>*/2g. 

t Bepreeent«d by a T«e plugged at one outlet. 
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6, 
6, 
B, 


10, 26 
10. 26 
10, 26 


•54 
•61 
■60 


■54 
■58 
■48 


■63 
■64 

•48 


2, 


6. 10 


1-86 


1^91 


1-88 


2, 


6, 10 


1-43 


1-66 


1-63 


6 


10,25 


1-46 


1-43 


1^37 


B. 


10, 25 


1-66 


1-41 


1-22 


6, 


10, 26 


1-24 


117 


MO 


B, 


10, 26 


110 


107 


107 



Dksobiption Vblooities 

{' Black moU. elbow (old) . 2, 6, 10 

}' Galvan. mall, elbow (new' 
1' Black mall, elbow (old) 
1' Cast-iron elbow (old) 
2- Mall, iron elbow . 
3' Cast-iron elbow . 
4' CaBt-iron elbow 
6* Caet-iron elbow 
2' Caat-iron Tee and plug (water 

leaving branch) . 
Same Tee aa above (water 

tering branch) . 
3' Cast-iron Tee and plug {water 

entering branch) 
4' Cast-iron Tee and plug (water 

entering branch) 
Same Tee as above (water leaving 

branch) .... 
4' Cast-iron Tee filled in to make 

square elbow 

Throughout these varioua Talnee of the lose due to 90° elbows, 
there is found considerable divergence among the varioua experi- 
ments and abundant evidence of irregularity and inconsistency in 
many of the results. These are doubtless due, for tlie most part, to 
the difficult; of eUminating the influence of obscore and secondary 
causes which have no representation in the scheme of the investiga- 
tion or in the final fonnulfe deduced. The trend of the investiga- 
tions indicates, as would be expected, a general decrease in tlie 
loss with increasing value of the radius of the bend. The results 
of Brightmore and Schoder all agree, however, in indicating an 
increasing value for the loss, to a local maximmn, for values of 
B/D from 6 to 8 or 10, and followed by diniiniHtiing values for 
greater values of BjD. The results of Davis indicate a similar 
condition, but were not carried far enough to determine the de- ' 
creasing values of the loss for values of RjD greater than 10. The 
lowest values of the loss for v^ues of SjD less thim 6 or 8 seems 
to be indicated for values from 2 to 4. Schoder's low values for 
-fi/i)=15 Mid high values for BjD=2f) seem to be abnormal and 
inconsistent with each other and with the other results. The results 
of Williams, Hnbbell and Fenkell stand alone in indicating a 
continuously increasing value of the loaa for values of R/D from 
2-4 to 24. Either some undetected source of error is involved in 
these results, or the value of the loss is gradually increasing toward 
a maximum at some value of HfD beyond 24, after which it will 
decrease. It is obvious that as the ratio RjD indefinitely increases. 
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the excess loss, as compared with an equal length of straight pipe, 
must approach zero and hence the values of the loss cannot indefi- 
nitely inorease with increase of B/D. 

These irregularities and inconsistencies indicate two things : 

1. The experimental evidence at hand is neither sufficient in 
amount nor consistent enough in character to permit the develop- 
ment of a satisfactory general formula for curve lose. 

2. The influence of secondary features, such as irregularities in 
form or surface condition, or irregular and turbulent conditionB 
of flow which occasionally develop, seem sufficient in importance 
to entirely mask the general trend of the system of phenomena 
expressed in terms of velocity, size and value of RjD alone. 

Oeneral Coiudderati(ma. — The following general consideratione 
may be noted in connection with these various minor losses of head. 

The loss due to an abrupt enlargement is usually more serious 
than that due to an abrupt contraction. In either case, as noted, 
the loss is due primuily to the eddy formation resulting from an 
abrupt enlargement. When the ratio A^jA^ is small and the loss 
L9 correspondingly large, the loss for abrupt expanraon will be the 
Itu^r of the two. When the ratio A^^jA^ approaches 1 and the loss 
itself becomes relatively insignificant, the loss for contraction 
will become the larger of the two. These results are readily verified 
from the formulee and tables of (6) and (c). 

The flow of a liquid past a sharp edge is always a fruitful source 
of eddy formation and of lose of head. The presence of a sharp 
edge projecting into a flowing stream means an abrupt change in 
the cross-sectional area and a corresponding abrupt enlargement 
or contraction or both. 

In order to minimize these various sources of loss it is clear that 
all abrupt chains in stream line flow must be avoided, and in 
particular any abrupt enlargement of cross -sectional area, any 
flow over or across sharp edges, or any abrupt change in the general 
direction of flow. 

10. General Resume of Loss of Head in Pipe 
Line Flow 

It thus Appears, in connection with the flow of water through 
a pipe, that there are a considerable number of sources of loss of 
hcuid. These may be classified as follows : 

1. Loss of head due to friction denoted by A as discussed in 

Sees. 2-5. 

2. Loss of head due to miaceUaneous turbulence caused by 

abrupt changes in direction or velocity as discussed in Sec. 9 
and denoted also by h. These various items of loss due 
to turbulence are all expressed in the general form 

h=kt 
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where it ia a coefficient to be determined according to the 
details oi the case, and aa diacnBsed in Sec. 9. 
It appears that the values comprising loss (2) are OBually small 
in comparison with those of the Motional loss (1), and with suit- 
able dispositions they may in many cases be rendered negligible. 
In any case taking the voIoeB comprising loss (1) proportional to 
V*, the total loss of head fnay be expressed in the form 



•(31) 



'-c^^"% 

Where 2:k denotes the sum of all the coefficients k for the various 
secondary losses discussed in Sec. 9. This may be put in the fonn 

*=(^+f)°' "" 

In this equation Zkl2g may be consideied as a supplementary 
term modifying the principal tenn LjC*r. In most cases, as noted 
above, the supplementary term will be small compared with the 
princip^ term, and in consequence it is very often neglected ; 
or otherwise is oonsidered as included within the matgin of un- 
certainty which must attach to the selection of a value of C, or 
of the roogfaness coefficient in Kutter's formula from which C is 



In dealing with praotical problems it is therefore customary to 
select from judgment either C direct or a value of the roughness 
coefficient which will determine C, and to assume that within the 
necessary margin of uncertainty concerning these values, the 
resulting value of A or friction loss, will adequately represent all 
loss of head throughout the pdpe. 

It should not be fo^otten, however, that the items comprising 
loss (2) may require special recognition, and in such case suitable 
estimates or allowances must be made. Thus m case the flow 
passes through a partially dosed valve the loss of head may be very 
considerable, and in such case due allowance must be made for the 
value of such loss independent of the estimates for determining the 
value of the friction loss by the usual formuls. 



11. Special Relations 

The following relations which will be found of frequent value in 
the discussion of various problems may be oonveniently assembled 
at this point. 

(a) friction head A=loeB of energy per pound of water in 
traversing distance L. 

(&) p;^s=lo8B of energy as in (a}=:Work done in ourying one 
*" pound of water through distance L against 

iriotaonal reaistance in pipe. 
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v' 

(c) sj-=frictional or skin resistaDce per pound of water in pipe. 

(d) w.^X=weight of water in pipe in pounds. 

(e) — ^T-— =w.^A=total frictionid or skin resistance for pipe as a 

^^ whole. 

(/) tit^v=rate of flow (pounds per second), 
to) l{wAv=iimB for flow of one poond paat a given section. 

(A) — r=5—=rate of work agMnst friction for entire pipe. 

,., wALv^ 1 Lv' , , , .,,.,.■ 

(») —ni — X — r-=?^s- =A=work done against fncbon m entire 

' ' C*r wAv C^r ^' 

pipe in the time required for the flow of one 

pound past a given section. 

0') -™— =H'A=work done agunst friction in entire pipe in the 
^ time required for the flow of weight W past a 

given section. 

(i) — 5 — =total kinetic energy in pipe. 

(l) -j-=tinie rate of change of total kinetic enei^. 

, , wALv dv I L dv , . , . ,. . ,, 

(*») li'^~4~~~' ;s~*'''*°8* "* kinetic enei^ m the 

time required tta the flow of one pound past a 
given section. 

(n) — -^=measure of an accelerating head. 

Suppose an unbalanced pressure p at one end 
of the pipe, acting on the cross sectional area A. 
Then p^=total pressure acting as an acceler- 
ating force on contents of pipe wAL. Then 

, ,, dv Force pAg , L dv p 
aooeleration— :iT=77 — =^—^ and — -n=-= 
at Mass wAL g at w 

accelerating head. That is - -n is the measure 

of an accelerating head acting over the cross 
section A and producii^ an acceleration dvjdt : 
or again, an unbalanced head H aoiang at one 
end of a pipe will produoe an acceleration in the 
velocity of movement of the contents of the i»pe 
measured by dvldt=gHjL. 

(o) -g=chuige in kinetic energy in the time required for 

" * the flow of wraght W past a given section. 
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12. Distribution of Velocity Over Cross Section 
OF Pipe 

Htot tnbe meaBurements have been made by many mvestigatoTs 
over the cross eectioii of a pipe running full. The results are not 
altogether concordant and the law of distribution of velodty is by 
no means definitely assured. Errors of observation, efiects due to 
pulsating movements and to turbulence, and obscure influences due 
to velocity and ronghneBS have doubtless contributed to this result. 
In Kg. 9 let the velocities at varying distances along the radius be 
observed and set off from AB parallel to the line of fiow and located 




B EG 

Fio. 0. — VAKUBI.Z Flow ovbk Csoee SstrnoK c 



PiPB. 



at the points of observation. The general result will be a curve oF 
the form CDE showing a velocity AO at the outer surfaee of the 
stream, a velocity XD at the centre and a varying distribution of 
velocity between the centre and the surface as shown by the curve. 
The chief points of interest in such a curve are the following : 

1. The relation of AC to XD, the velocity at the surface to that 

at the centre. 

2. The relation of the mean velocity to XD, the velocity at the 

centre. 

3. The radiufl at which the actual velocity will eq^ual the mean. 
In Fig, 9 let AF be the mean velocity. Then the actual velocity 

KL at the radius XK will equal the mean velocity AF. 

Bazin, WiUiams, Hubbell and Fenkell, Cole, Schoder and others 
have made observations on the form of such a curve and the 
observations generally indicate for CDE a curve shaped much like 
an ellipse. There is considerable variance in the relation between 
AC and XD. Williams, Hubbell and Fenketl came to the conclu- 
sion that the surface velocity was about -50 that at the centre. 
Cole's measurements indicated a ratio of -60 and more. It is clear 
that the mean velocity will be the height of a cylinder AFOB whose 
volume is equal to the solid of revolution formed by revolving ACD 
about XD. If the elliptical chiu-acter of CDE is assumed, the latter 
will comprise a cylinder plus a half ellipsoid of revolution. It is 
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well known in geometry that the mean height of a half sphere or 
ellipsoid of revolution equaJa 2/3 the height of the body. Hence 

Denoting AF by v„, AC by v, and XD by v,, we find immediately 

or «„=2/3v,+ l/3v,. 
If then t>,=-GOv, wehave 
t>„=-833«,. 
If ti,=-60t!, wehave 

In any case it is readily seen from the properties of the ellipse, 
that the point where the height of the curve is 2/3 the maximum 
height is at ■746r. Hence if the ellipse may be assumed as a dose 
approximation to the general charaoter of the curve of velocity 
CDS, the mean velocity will be found at a point dose about -75r 
from the centre. 

In fmy measuiement of importance dependence should not be 
fdaced on such a relation and one or preferaUy two complete 
traverses with the Hbot tube should be made across diameters at 
tight angles to each other. 

Bellads has compUed from a number of sources the values given 
in Table XXI showing the ratio v^v^ for a number of different kinds 
and sizes of pipe, and at various values of v^ 

TABLE X XT 

Table Showinq Valubs of Ratio of Mban VuLooiTy to 

Cbmtbb Lraa Vklochty m Pipb LmK Flow* 







Diameter 






in feet 


perweoDd 


Kind of pipe 




of pipe 
mmohea 


















■78 


16 


2'6 


8-G 


S 


8 14 






2 


■70 


•73 


77 


79 


80 





Cast iron . 




7-5 






SO 


81 


82 


■83 -84 


Cast iron . 




9-6 


— 


■80 


81 


82 


83 


•84 -86 


Caat iron with deposit 


9-6 




■81 


81 


82 


82 


•83 -83 


Now iron coated 
coal-tar 


with 


12 
16 

30 


■75 


•83 
•82 
•63 


S3 
83 

84 


84 
84 
86 


86 
85 


•86 -85 


Cement 




31-6 








86 


86 




New iron coated with 
















coal-tar 




42 


— 


— 


_ 


86 


_ 


— — 



13. Mean Velocity and Mean Velocity Head Over 
Cross Section of Pipe 

The experimenti^ investdgation of the velocity over the cross 

section of a pipe gives a result as indicated in Sec. 12. It becomes 

a problem of interest to determine, from such a distribution of 

* Bellaais, " Hydraulics," p. 129. Rivingtons, London, 
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vdodty, the volume flow and kinetic energy of the stream, or 
otherwiee tlie mean velocity and the meaji velocity head. 

In Fig. 10 let the annular rings denote a series of elements into 
which the croaa -sectional area may be divided, and over any one of 
which the velocity may be considered uniform. 

Let a denote the area of any one such annular ring or element, 
V the velocity over this element, A ^> the corresponding element of 
volume flow and A^ that of kinetio energy. 
Then l^V=av 

And F= Sav 



where, as usual, S denotes the summation of a series of terms, all 
similar in character and made up by multiplying each a by its 
appropriate value of v in one case and v' in the other. 

The general procedure may there- 
fore be outlined in the following 
steps: 

1 . By means of Htot tube obser- 
vations obtain a series of values 
of v at a series of points along the 
diameter of the pipe, or preferably 
along two diameters at right angles. 
These points may be so chosen aa 
to come in the middle of a series 
of amiular rings, as in fig. 10. 
These values for the two diameters 
may then be avert^ed so as to 
give a mean series for the mid- 
Fio. 10. — ANNUI.AR Elembntb op points along the radius. 

Caoaa Section. 2. The values of o are then 

determined in accordance with the 
Boocessive values ofjthe radius.i 

3. Each value of a is multiplied by the corresponding value of v 
and the products summed. The result will give V, the total volume 
floT^LQ (f3B), Thisjdivided by the cross sectional area of the pipe 
wiU^ve the mean v.for the entire area. 

4. Each value of a is multiplied by the cube of the corresponding 
value of V and the results summed. This sum multiplied by w/2^ 
will give the kinetic energy passing the given section in one second 
of time. This divided by wV, the weight passing the section per 
second, will give the mean kinetic energy per pound, or otherwise 
the me^i velocity head. 

This general method is <A such wide application that it will be of 
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interest to develop a alightly different method for treating the Pitot 
tube obserrationH. 

In terme of the calculus, and aesumlng the width of the annular 
rings indefinitely small, we have 
- Area of annulai element 2nr<6-. Then 

dK=—v»rdT. 
9 
In Fig. 11 let ABO denote the values of v plotted along the 
radius OX. Then at a series of points aloBg tl^ radius take the 



/^. 





value of V, multiply it by r and set off the product as the ordinate 
of a new curve OPQS. Thus DP=ODxDE and dmilatly for all 
other points. Then the curve OPQR will represent the distribution 
of the product vr along the radius. The area of this curve taken by 
planimeter, or otherwise, will give the integration of vrdr, and this 
multdplied by 2ir will give the value of V. 

Similarly in Fig. 12 let ABC denote the values of v^ plotted along 
OX and OPQR, a curve derived as in Fig. 11 by multiplying each 
value of the ordinate as DE by the corresponding radius OD. Then 
the curve OPQR will represent the distribution of the product v*t 
along the radius and the area of this curve by planimeter or other- 
wise wilt give the integration of vh'dr, and this multiplied by itw/j7 
will give the value of K. 

14. Hydraulic Gradient 

Writdng again the general energy equation as in (1) we have 
|+£+i+A=2o (33) 
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In Fig. 13 let R denote the reservoir witli water level at NN. Let 
ACDB denote a pipe line with discharge at B. Let XX denote the 
base or datum line from which we measure gravity head z. Then 
within the reservoir at the surface UN we have pjw=b (where 6= 
atmospheric or barometric head), v=0, h=0, z=Hg and hence 
hjw+H^'=Z^ That ifl the entire head Zo is measured by the 
pavity head Hg i^ns the atmosj^erio head bjw, and the gravity 
head U^ is measured by the elevation of the surface NN 
above the datum line XX. To simplify the present discnssioii 
suppose the pipe ACDB of uniform size. Then the value of v will be 
uniform throughout the length, as a)BO the value of the velocity 
head v*l2g. Suppose this viSue Itud oS as a ^rtical distance from 




Fio. 13. — Htdbaulic Oback. 



NM downward giving the line QR. Then the vertical intercept 
between SM and QR will, at any and ell points, give the value 
ol wV2ff. 

Suppose likewise a line TW laid oS above SM at a vertical 
distance equal to the atmospheric head bjw. 

Next suppose the value of A to be computed for the various points 
along the line, giving in each case the total loss of head from the 
entrance A to the given point P, and let the values be laid ofi as 
vertical ordinates from QR downward, giving the line Q8. It may 
be noted that strictly speaking the line QS will start at Q a little 
below the velocity head line QR, the distance between the two lines 
at Q denoting the value of A at Q fdiich will be measured by the 
entrance loss as discossed in Sec. 9. 

Next it is clear that the line of the pipe AODB gives grapbioaJly 
at any point the value z as the vertical disttuice above the datum 
XX. Hence at any point P it follows that z=PE, h^OF. v*l2g= 
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JQ, b/w=JU and Zf^^ElJ. Hence comparing with equation (33) it 
follows that we musthave 'pjw^=FP-\-JV. 

That ifl, the total preaeure head within the pipe is mea^nied by 
the Bum of the two intercepts FP+JV. But the latter ol these 
measures the atmospheric head or pressure and henoe the fwmer 
must measnie the head oi pressuie above the atmosphere ; or in 
other words, the head or prrasure which would be indicated by an 
ordintffy pressure gauge. 

It follows that a an open-end vertical tube were inserted in the 
pipe at P the water would rise in such tube up to the level F, thus 
indicating directly the premuie head at P above the atmosphere. 
Again, if a series of such tubes were inserted along the length of the 
pipe from Ato D the water levels would all lie on the line Q8. 

The line QS thus determined, is called the hydraulic gradient or 
hydraulic grade line. Again any point on this line aa F is called 
" hydraulic grade " for the corresponding point P on the jripe line. 
The hydraulic grade line may thus be defined as a line any point of 
which is Tertioally above uie pipe line a distance equal to the 
pressure head above the atmosphere in the pipe line at such point ; 
or conversely as a line any point of whioh is vertically below the 
static level Ime a distance equal to the sum of the velocity head and 
lost head for the corresponding point in the pipe line. 

It must not be forgotten that the pressures and pressure beads 
indicated by the hydraulic grade line are measured above the 
atmosphere taid that in terms of absolute poressure the pressure in 
the pdp© or the pressure head will be greater than the amount thus 
indicated by the pressure or pressure head due to the atmosphere. 
Thus at P (Fig. 13), the pressure head above the atmosphere is 
denoted by PF while the absolute pressure head is denoted by 
PF+JU. 

Again, in !Fig. 14 let ACB denote a pipe line with entrance at A 
and discharge at B. Let QF8 be the hydraulic gradient and TMW 



T 


8~-^^ 


— --t 


< , 1*--^ « 




^H: 



Fio. 14.~'Hti>bauuo Qkade. 

the line of atmospheric head above QS. Then at the points D and 
E the pressure in the line will just balance the atmosphere. From 
A \io D and from fi to 5 the pressure will be greater than the 
atmosphere, while between D aaaF the pressure wiU be less tjian the 
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atmosphere. At C the pressnie head Till be a miniiniini, measured 
by GF below the atmosphere or CM above absolute pressure datum. 
It is thus dear that ii any part of the pdpe line crosses or rises above 
the hydraulic grade line the pressure within such part of the line 
will be less than that of the atmosphere. 

If, furthermore, the line should rise euffidentiy above the 
hydraulic grade line QS to just reach the atmospheric head tine TW, 
then the absolute preeatu% at such point in the pipe will be zero ; or 
more exactly it will be reduced to the pressure of water vapour und^ 
the temperature of the water at the given point, The pressure c^ 
water vapour at ordinary temperatures is very small and it is 
cuBtomary to neglect its influence on ordinary problems of pipe line 
flow. The water at such point would therefore be in the same 
physical condition as in a bell jar exhausted under mi air pump to a 
perfect vacuum, or more exactly to a vacuum correspoading to the 
vapour pressure at the temperature of the water. 

If again the line of the pipe should at any point rise above the 
line TW it would imply a negative pressure in the water, or in 
other words a tension instead oE a compression. A tension cannot, 
however, be developed in a stream of WBter. In answer to the 
conditionB which ni^t tend to set up a tenmon the stream will 
break and the conditions of continuous steady flow will no longer 
obtain. 

Actually, turbulence, unsteadiness and interruption of the 
conditionB of steady flow will result somewhat before the pressure . 
is reduced to zero. This is due in large measure to the liberation, 
under the reduced pressure, of the air which is normally held in 
solution in the wat«r. 

The rise of the pipe at any point above the hydraulic grade line 
results in a condition trf unsteady flow with irregular turbulence and 
a tendency to set up pounding or water hammer, especially in the 
part beyond the point which rises above the grade line. Snce the 
grade Ime varies with the velodty or with the rate of discharge, it 
is dear that in any pipe line, such as in Kg. 14, there wifl be some 
critical velocity which will just bring the ^ade line to the angle C. 
For lower velocities C will lie below the grade line and for higher 
velodties above it. 

In any such case the trouble resulting from a point C lying above 
the grade line may be avoided by a suitable reduction of the velocity 
of flow with the consequent rise in the grade line. 

15. General Formula for Capacity 

Taking the Ch6zy formula for velodty we have 
F=t>4=rate of flow (f3s). 
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Then F-e^'orF.=™-* ,34) 

For a round pipe rtmning full this becomee 

y='^L^=.3D21Ci>D' (36) 

Where Z>=diam. in feet : or eolTJng for i we haTe 

_ 6-mv 

•sw!- <'"' 

In Table IV will be fonnd the fifth power of nnmbera which with 
an ordinary table of eqaares and square roots will serve to readily 
solve numerical problems involving these formnlfe. 



16. Carrying Capacity of Round Pipe running 
Partly Full 

In Fig. 15 let AB denote the surface of the water. Then for the 
area ABC we hare 



A= 



O' , 



- ( 9— dn 9 cos 6), 
and for the wetted perimeter ACB we have 






,.(37) 



- s\-- 
? - -,-^ 

Then referring to (34), the general formula for capacity, we find 
by substitution and change of form : 

FJ (fl— Bin flcoa g)» 

Table yJCTT gives for 6° intervals the 
TalucB of the right-hand dde of this equa- 
tion, and Biao of z/D. By means of this 
table we may readily determine the rela- 
tions between V, C, i, D and 8 or 2, Thus 
if the pipe, the slope and the quantity are 
given and z is required, we substitute the 
given vEduee in the left-hand ^de of (37) 
and find the numerical value. Then from 
the table we find approximately the value 
of fl and then the valoe of z. Again if a or 
B, 0, i and V are given, we readily find D Fio. l8.-^i.ow m Cib- 
by taking from the taUe the value of the ^^^^^ ^^^ "^"^ 
right-hand member of (37) and solving the ''^""•^ 
resulting equation for D. 

It will be noted that the capadty is a maximum for 6 approxi* 
mately 1S5° and z=*95/>. More exact antdj^ by means of the 
usutU oalculuB treatment for maxima and minima shows the capacity 
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a maxiiimm for 9—154° 06', zlD=-Qi96. It thus appears that a 
rpnnd pipe Tunning with an open eegmeiit at the top about 5 per cent 
of the diameter in height, will have a capacity nearly 10 per cent more 
than if running full. This result arises from the fact that for a 
reduction in section up to this point the beneiicial influence due to 
the relatively rapid decrease in the wetted perioieter is more 
influential on F thau the relatively slow decrease in the area of the 

TABLE yyn 






«X)0 





96 


6436 


1^602 


5 


KX)19 


— 


100 


6868 


2^016 


10 


■0076 





106 


6294 


2-464 


16 


•0171 


— 


110 


6710 


2932 


20 


■0301 





115 


7113 


3401 


2fi 


■0468 





120 


7600 


3^854 


30 


■0670 


■0007 


126 


7868 


4272 


35 


■90«) 


■0023 


130 


8214 


4639 


10 


•1170 


■0062 


135 


8636 


4^944 


45 


•1465 


■0148 


140 


8830 


frl78 


50 


•1786 


■0315 


146 


9096 


6334 


56 


•2132 


•061 


160 


9330 


6^424 


60 


•2500 


•111 


156 


9532 


5443 


65 


•2887 


•187 


160 


9698 


fr406 


TO 


•3290 


•299 


166 


9830 


5324 


76 


•3706 


•464 


no 


9924 


5^207 


80 


•4132 


■669 


176 


9981 


5^073 


86 


■4664 


•918 


180 1 


0000 


4^936 


90 


■6000 


1^233 








a= 


ratio of 2 


bo D, depth t 


diameter. 






i- 


value of ( 9— 8in coa9[ 


3 in equation ( 


37)i 








64 









seotion. Beyond this point, however, the influence doe to the de- 
crease of area becomes paramount and the capacity decreases for 
a further reduction in area. 

It should be noted that these results presuppose perfectly steady 
conditions and a smooth water surface without waves. Actually 
there will be some wave formation, especially if there is any depar- 
ture from uniform motion, and under such drcumstanoes the 
theoretical gain for a partially filled cross section wfll be much 
reduced. Under ordinary conditions it can hardly be considered 
desirable to attempt to run a round pipe partially full for the sake 
of an increase in capacity, The same remarks apply generally to 
Edl forms of cross section, though with certain tunnel forms the 
relative advantage might be somewhat greater than with rotind 
lape. 
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17. General Problem of Steady Flow 

Let AB (Pig. 16) denote a pipe line of Tfu^ing croaa section 
temdnatiiig in a nozzle at the dischuge end B. 

Let A=loas of head due to friction luid turbulence in general. 

Starting frotil the upper or entrance end of the pipe line A, the 
tottd loes h Trill have continuously varying values, inoreaeing along 
\.the length of the |H,pe according to the cironmstaaces affecting skin 
friction and turbidenco. 

Let a, Aj, ^j, Ag, etc., denote reepectiTdy the cross section 
areas of the noz^ and of the various lengths of pipe of which the 
line is composed, counting from the discfauge end back. 




Fro. 16. — OHmntAL Fboblim of Pifx Lnm F1.0W. 



Let a=mj.^,— m^g— nigi^^etc (38) 

Where nij, tn,, m^ etc., form a series of coefficients relating the 
various areas A^, A^, etc., to a. 

Also let u, Vj, v„ V|, etc.=velocities in the nozzle (md in the 
successive sections ot area A^, A^, etc. 

Then t'i=r«iU, «,=*»,«, etc (39) 

Let £ —gravity or static head relative to the base line XX. 
A=total lost head from A to any point P. 
^1— head due to absolute pressure (usually atmospheric) on 

surface of water at source. 
tf|=head due to absolute pressure at point of discharge. 
A =atmo8pheric head at any point P. 
p=pres8ure above atmosph^ at any point P. 
2=gcavity head at any point P=PE. 
Usually yi, b and y, are all tiie same. The heads y^ and y, in 
the general case, however, may have any value. Thus we might 
have compressed air acting on the surface NN, or again air under 
a reduced pressure or partial vacuum. Likewise the bead y^ implies 
any pressure whatever at the point of discharge, such for example 
as tlwt due to discharge iato a tank with compressed sir, or into 
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a putial vacuum, or agwn discharge under water and therefore 
gainst an absolute pressure due to the water jdus the atmosphere. 

Usuidly the differences in atmospheric pressure are negUgible, 
and in such case, uid where no other pressures are involved, the 
terms in 6 and y may be omitted from the equations. 

In the general ease we have, as in (1), the Bemouilli equation for 
steady flow between A and P as follows : 



(fl+,.-»)-E+i+^+2 (40) 

r -Ji=j(^£+i,+|+.^ (41) 



Putting (41) into words we have : 

The difference between the values of the total lost head h corre- 
sponding to any two points such as Pis equal, with the opposite 
algebraic sign, to the ^gregate chiuige in the actual head iplw+ 
6+«'/2j+z) between the same two points. 

In applying these equations there are Ave variable terms in- 
volved, of which four must be known in order to determine the 
fifth. In the usual procedure k is expressed as a function of v by 
metuis of the formnlb of Sees. 2-6 and 9. 

At the point of dischai^ through a nozzle or valve, however, 
there is usually a special loss which must be otherwise expressed. 

Taking the datum for z at the level of the vaive or noWe, the 
absolute pressuie head just back of the valve will have the value 

5+»-»+!'.-|^-» (*2) 

where h is the total lost head between A and B. 

Just beyond the nozzle, at the point of discharge, the absolute 
pressure head is y^. 

The difference between these two measuTes the net or resultant 
pressure head acting between the two sides of the valve or through 
the nozzle. This net pressure head is then H-j-yi—y^~Vi'^j2g—h, 
Adding to this the velocity head v^j^ we shall have the total net 
head available for produdng the dischat^ velocity u at the mouth 
of the nozzle and hence the external velocity head u^j2g. This 
total net head is then S-^-y^—y^—h. 

We may then consider tins total net head at the valve as trans- 
formed through the valve or nozzle into the velocity head u'j2g. 
This transformation is accompanied by loss, and hence we may write 

^=m+),~y.-hi (43) 

where / is the eflSciency of transformation. 

We shall usually call / the nozde coefficient or coefficient of die- 
charge. The value of / is always loss than 1, approaching 1 as an 
upper limit. The difference (1— /} denotes the fraction of the total 
net head lost by friction and turbulence in the valve or nozzle. 
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PuUing Ay for yi—y^ oiad Babstitnting for k ite value as in (19) 
we have 



=/[^ + ^-<^>] (") 



/ JS+Ay) 
29r \C^) 



whence w=V l_ /m*L\ (45) 



Note that Ay will be +, — or according as y^ is greater thaa, 
less than or equal to y^. 

Knowing w we may then find any other velocity from (39). 
The known valaes of k, z and « for any point in the Ime may then 
be eubetitated in (40), serving to determine pjw or p for such point. 
Thus the entire hydraulic couditions throughout tjie length of the 
line become known. 

If we may ne^ect the loss through the nozzle, (46) becomes 

»-V I {m'L\ (46) 

If in addition we have yi=ffj, (46) becomes 



/ B 



+^(=--- <*" 



If, furthermore, the pipe is of uniform diameter throughout we 
have 

«=V 1 I *»'£ (48) 

The value of u for any other combination of the determining 
characteristics is readily derived from the general form in (46), 
We have, also, by comlnning (42) and (43), 



-r 



Wl,»<» £_^-s+,,-!!0! (60) 

l+'-»-=|(r--) <^" 

H the loss through the nozzle is negligible, we have 

£+fr-S.=&l-™i'> (62) 
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Equation (60) gives the gauge presBiue jost back of the valve, 
while (51) and (52) give the drop in pressure through the valve. 

If, fnrthermore, t/t=b, as is the case vith atmoepheric discharge, 
we have 



p_u- 



,(1-V)- 



.(63) 



18. Pipe Line Operating with a Free 
Surface Flow 

In certain cases a {ripe line may be operated paitially full, thus 
developing all the hydraulic ohuacteristics of open channel flow 
(see Fig. 17). 




Fici. 17.— Flow 



Open CHAmnL. 



Neglecting any changes in atmospheric head aad taking p i 
the gauge proBsure, we have for the general equation, as in (I) : 



At all points in the line sensibly near the surface of the stream 
we shall have p=0, and hence as the general equation of flow nei^ 
the surface : 



At A just inside the jape, and where the velocity v has been 
developed, we shall have 



H~h,=^+z, 

or..=F_(|+*.). 



.(58) 



This means that just inside the entriuice the level of the water in 
the pipe wiD have dropped below that in the reservoir a distance 
{v'l2g+h^), representing the head due to the velocity v plus some 
entrwice loss k^, as discussed in Sec. 9. 
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At the difioharge end B we have z=0, and hence 

ff-*3-| (M) 

Subtracting (56) from (54), we have 

hB-K=^^ (67) 

Expressing this in woids, the loss of head in the line between A 
and B is the difference in level between these same points. This 
means that whatever the actoal gradient on which AB iB laid, the 
velocity will automaticaJly take such a value as will consume the 
entire head H in doing three things, bs follows : 

(1) Producing the velocity v (vel. head v^j^g). 

(2) Overcoming loss at entnuice A (lost bead A^}. 

(3) Overcoming losses in line (lost head A^— A^=z^). 

Or again, in a more restricted way we may say that no matter on 
what gradient the pipe is laid, the velocity will automatically take 
such a value as wUl consume in lost head the entire difference in 
level between B the point of discharge and A a point just inside the 
inlet and where the velocity v has been set up. 

For the loss in head between A and B we have as in (3) : 

or from (54) : 

«-»^+g+g^; (=») 

As in (23) we may express A^ in the form kv*j2g where k must be 
determined by estimate. Substituting this value in (58) and 
solving for v we have 

H 



w=v : 



l+k L (59) 

It is very common to omit {l+k)j2g in oompariBon with LjCr, 
or otherwise to assume that its value is absorbed in the uncertainty 
regarding the value of C In such case we have approximately : 

"-^r « 

and v*=— f — 
But HlL=i the gradient ; whence 

v=C'\/w, as in equation {2). 

In case the gradient is very steep and the developed v^ocity 

very high, ae where the pipe is used as a free surface BjnUway, the 

velodty head wiU be too great to permit of omiBsion from the 

equati<m. In tbia case equation (69) most be emi^oyed. This 
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equation will, moreover, not be exact, since there will be, at the 
npper end of the pipe, & certain length over which the water will be 
accieleTattng from some low velocity at the very point of inlet up to 
the full velocity v. The effective length of the line for velocity v, so 
far as friction loss is concerned, is therefore not L but something 
less than L, Moreover, throughout this part of the pipe, the cross 
sectional area of the stream will gradually contract with incieaaing 
velocity, and with corresponding change in r. Otherwise one may 
say that, of the total length L, a part will operate under the ulti- 
mate velocity ti and a fixed r, while the remainder, at the upper end, 
will operate under a variable v and a variable r from the inlet to the 
point where the conditions are practically steady. These con- 
ditions indeed prevaU in any case, but with a low gradient and low 
velocity both the velocity head and influence on the friction head 
due to the accelerating length may safely be neglected. With high 
velooitieB we may still, usually without serious error, neglect the 
influence on h due to the accelerating length and thus obtain from 
(60) a satisfactoiy value by taking X^length of the line and r 
constant. 

It should also be noted that both (59) and (60) admit of direct 
solution in case the value of r is given. On the other band, in case 
the quantity or volume flow V is given, the equations are implicit. 
The hydraulic mean radius is not known in advance, since it will 
depend on v. Such a case will call for a trial and error procedure. 
A value of r is assumed, the vidue of v found and the resulting V. 
Thus by successive trial a vidue of r will be found which will give the 
V desired. The relations of Table XXII will conveniently aid in 
handling problems of this character. 

In or^r to illustrate the error involved in using for a case of free 
surface flow with high velocity, equation (2), Sec. 2, instead of (59), 
the following exam^e may be noted. 

Let angle of slope =45°. 
Then »=-7071. 
Let £=100 f. 
C=120. 
r=-5. 
Then S=70-7. 

Then taking k=0, snbetitnting in (59) and solving we find i;=49. 

If, however, we neglect the vdocity head and use equation (2) we 
shaU find «=71-4. 

The proper value of C to use in the case of such very high gradients 
wid velocities is subject to very grave uncerttdnty. As has been 
noted in Sec. 7, there is reason to anticipate increasing values of C 
withincreaaing velocities. Actual experimental valoes are, however, 
lacking. If we attempt to deduce any indication from the results of 
ship resistance experiments, we find an increase approximately as the 
seventh root of the speed (see Sec. 7). If then a value of 110 were 
taken as appropriate for any given case with v=10 we should have 
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correepondingtoD=50,avalaeof <7=138. If this yalae were used in 
{59) the resnlt would be «=^52'1, while in equation (2) we shoold 
have ti=82. There is need of further experimental data regarding 
the valaes of C appropriate to Buch velocities, and also regarding the 
importance of the length at the upper end affected by acceleration. 



1Q. Pipe Line Connecting Two Reservoirs 

Certain interesting problems arise in connection \vith the uee of a 
pipe line connecting two reservoirs with the water at different 
levels. Such problems may present themselves under three 
principal cases. 

Cttse 1. Pipe nuining fall oi nnder piessiize. See Fig. 18. Let B 
and S denote the two reservoirs with water levels maintained 




Fig. 18 Flow 



CONNEOTiMa Bbsebvoibs. 



steadily at NN and MM, and let AB denote the connecting pipe 
with nozzle or valve at B. Let XX, at the level of the point of 
discharge B, denote the datum for measuring gravity head z, and 
let £fi=the excess head MB. 

Then this case is covered by tbe|general treatment of Sec. 17. 
Omitting any mSnence due to diff^ence of atmospheric pressure 
between the locations of the two reservoirs, we have for Ay in 
equation (45), the value —Hi,- 

If in addition we may take /=1, we have 



.y; 



H,-Ui 



-(-)■ 



.(61) 



or for a aingl« uniform diameter of pipe 



.(62) 



Comparing these equations with (47) and (48) it appears, as we 
might expect, that in this case the velocity of discharge is the same 
as that for disohai^ into the air with a total head=.^C', the differ- 
ence in level between the two reservoirs. 



ty Google 



18 HYDKATTUCS OF FIPB LINES 

Again the bead jnat At the point of issue is 



At some point P in the raserroir, on. the same level as B but 
where the velocity has become neg^gible, we shall have 

This Imidles during the operation of bringtng the stream to rest 
between B and P, the lose of head u*/2g as a direct result of the 
transfer of the energy of translatioD into the energy of turbulence, 
uid its ultimate dissipatjtm as heat. 

Oage2. PipanmniiigparUT toll or with tree milMM. SeeFig.17. 
In this ease the formulae of Sec. 18 apply directly and no further 
discussion of the case is required. 

Oaae 3. Pipe ranniiw partly loll at nppet end and laU at lower 
end. See Fig. 19. This case will arise when the lower reservoir is 




Fio, IB.— ^Flow I 



maintained with its level above the discharge end (d the pipe while 
the upper reservoir is maintained with its level only partially cover- 
ing the inlet end ; or otherwise when the water admitted at the 
inlet end ia less than the capacity of the pipe under full flow. 

Under these conditions the upper end of the line will operate with 
free surface flow, whUe toward the lower end it will operate full and 
under pressure flow. 
Let F=volume flow. 

Ai=aeation of stream between A and C. 
^i=fu]l section of pipe. 
Assume a valve or nozzle fitted at B serving to partially close the 
outlet into the lower reservoir. 
Let a=area of opening. This may have any value from to 

the full axes, A^. 
Let t'i=velocity between.^ and C=F/Ji. 
w=velocity in full pipe=F/jlj. 
«=velocity tlirou^ opening. 
/=coeffioient of discharge. 
a;=diatanoe BO. 
z^elevation CD. 
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We may then consider the level G as equivalent to the level of an 
open Burface reservoir with the pipe operating under the hydrauUo 
conditions of Fig. 18. Referring to the general treatmentof Sec. 17, 
and applying equation (14) to the present case, we have 



r^('-^.-ov)- 



With V known, v becomes known. If then x is known or fixed, 
all the tenns in (t^) become known except u. The equation is then 
solved for m from which the area a is found. This gives, therefore, 
the area of opening which, with a given V will serve to miuntaan C 
at any desired point. 

If, on the other hand, V and a are fixed then u becomes known and 
also V. If then the jnpe BO is straight we may put t=x sin fl and 
solve (63) for x findu)^ 

x= -^ (64) 

. „ f* 
Bin 0— ™- 

This gives, therefore, the location of C for a gjven V with a fixed 
value of (t. If the line BC comprises sections of varying diameters, 
then equation (63) will take the form 

.(65) 



|=/(--.-<S)-S)- 



where the term i?(Lw*/t7V) includes aU the complete sections 
between B and C and x is measured from the junction next below C. 
The locatimi of the section containing G must be made by inspec- 
tion or trial. In each of these sections, with V fixed the value of v 
is known. Then with a fixed and u known, all terms in (66) become 
known except x and z. If the length containing is straight we 
may put 

Where z^ is the elevation of the junction pcunt next below C and 
is the angle of slope of the length contauung C. The equation is 
then solved for x. 

If the length containing the point C is curved instead of straight, 
then z must be expressed in terms of x according to the geometry of 
the line, or otherwise the equation is readily solved by trial and 
error. A point G is assumed and the values of z and x are found and 
tested by substitution in equation (65). 

If, on the other hand, the point G is fixed, then the right-hand side 
of (65) ia completely known and it only becomes necessary to solve 
for u and then to find a. The values of Vj and A^ in the free surface 
section, AC (Fig. 18) ore readily found by equation (37) or Table 
XXII of Sec. 16. 
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20. Power Delivered at Discharge End of Line 

Let F=volanie rate of flow (fSe). 
«)=deiiaity (pf3). 
P= power (fps). 
/f o=static head (above atmosphere). 

H=Q6t head=ff 0— A. 

P=(fl,-4)Fti>. 
Then aasuming discharge into the air and neglecting any difier- 
enoe in atmosplleiic pressure tietween the entrance and discharge 
enda of the line, we baye 

„__ (ULV 



^AP-HVw=(hJ-^^\w 



In equation (66) it is seen that with giveoi F and other Gonditions, 
the value of P is readily foond. Conversely, however, if P ia given 
and V required, the equation becomes a ciibic in V and will ueually 
be most oonveniontly solved by approximate or trial and error 



To determine the conditions for a maximTun value of P we 
diEEerentiate with reference to V, place the re8ult=0 and solve for 
£f thus finding : 

or A=Ho/3 

£ater|H'eted in words this means that the maximum power will be 
delivered at the discharge end of the pipe line when the lost head A 
amounts to one-third the total head H^. 

For this set of conditions- we readily derive the following expres- 
sions for the values of the velocity v, the volume flow F and the 
maximum power P„. 

'^^/l-" <"> 

-^" '-' 

--1^' <-' 

These formuUe presuppose, of oonrBe, that the water called for in 
(68) is available. With a &»m1 flow of water the mftTrimnm power 
will, of course,, be developed with the minimum lost head A. 



ty Google 



GENERAL HYDRAULIC PRINCIPLES 



21. Piping Systems 

Several important and interesting problems arise in connection 
with the flow of water through a ramifying system, as in Fig. 20. In 
such a system each run of pipe from one junction to the next forms 
a unit or element. These elements are shown by the numbers in 
the diagram. In any such system it is readily shown that the 
number of elements is equ^ to the number of outlets plus the 
number of junctions. Also that the number of junctions is one less 
than the number of outlets. Hence if there are n outlets there will 
be (2n— 1) elements in the system. The characteristics required to 
determine each element are the diameter and velocity. If neither 




Fio. 20. — Bbakohibo Sybtbh. 



of these is known then the problem will comprise 2 (2n—l) variables 
and we must have an equfd number of equations in order to find a 
unique solution. If either the diameter or velocity is known, the 
number of variables is reduced to (2»— 1). 

In connection with such a system of piinng three typcal problems 
may arise. 

1. Given a definite system with fixed dimendons of pipes, with 
given valve openings at the discharge ends and with given 
coefficients of discharge, all under a fixed head H. The valve 
openings may be anything from to full opening. Required the 
total discharge and the discharge at each opening. 

2. Given a series of locations relative to the reservoir or source of 
head (pump for example] with a stated discbarge at each point. Let 
the head at the supply point (pump or reservoir) be fixed and 
constant. Required a system of piping suited to accomplish these 
ends. 

3. Same as (2) but without a fiixed or given head at the source. 
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Required a system of piping together with a head suited to accom- 
plish the stated dehveries. 

We shall only refer briefly to the principal features of these 
problems. 

Frotdem 1. — ^In this problem everything is given reguMJing the 
various elements of the s^tem except the v^ues of v. We shall 
therefore, with n ontlete, have (2n— I) unknown velocities and shcdl 
require (2n— 1) equaticm for their determination. We obtain these 
as follows : 

(a) One equation foi each outlet, or n in all, by tracing the loss 
in head from source to discharge and equating the head at 
the point of disohai^ to the ori^al head diminished by 
the loss. 
(6) One equation for each junction, or (»— 1) in all, by equating 
the flow in the ppe leading to the junction to the sum of 
the flows in those leading from it. 
This will furnish a system of (2n— 1) cdmultaneous equations, the 
solution of which will ^ve the values of v, one for each element of 
the sjmtem. Naturally the actual solution becomes rapidly buiden- 
Bome with increase in the number of elements, but the principle 
remains the same and for the problem as stated there seems no way - 
of evading the details of the solution in this manner. 

The development of such a system of equations will be sufScientiy 
illustrated by writu^ those for a simple ¥ branch with unequal 
legs (see fig. 21). We shall assume that each element is formed of 
pipe of uniform diameter. If this is not so the princifdes disonseed 




FlO. 21. SiNQLX Y Bkamch. 



in Sec. 8 readily furnish a means for making provision for this 
feature. Let H in general denote the difference in external head 
between the supply point A and any other point in the line. If the 
flow is from an elevated reservoir at A, If =the difference in level 
between A and the given point. If the head at ^ is supplied by a 
pump, H is the difference between the total head furnished by the 
pump and the elevation at the given point, both reckoned from the 
same datum, the pump for example. 

Let m^, »»( denote respectively, as in Sec. J7, the ratio between 
the discharge orifice area and the area of the pipe, for branches 2 
and 3, and /„ /, the corresponding coefficients of discharge. Then 
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umng in general the notation of Sec. 17 we have, for the values of 
the head at the dieoharge points C and D : 

. ^'A^'-^rW\ <"' 

Also, Wj^,=f ^j+Wj4g (72) 

These three eqoations will serve to determine v^, Wj, Vj, and 
hence the flow condition hecomes comidetely known. From (70) 
and (71) we derive 

This gives a relation between v^ and v„ and shows that such rela- 
tion is entirely determined by the conditions affecting those two 
lines. Also if either Vj or t>g is known or given, the other may be 
determined from this relation. 

The same relation may be generalized to apply to any of the 
branches of a Y connection, such as 2 and 3 of Mg. 20. To this end 
we may rewrite (73) as followa : 

Where H^ and fi,=difleTenoee in extern^ head along ABC 
and ABD respectively, p« and j>j=pressures at C and D and / 
and m are both taken=l. lids shows that if we know the pressure 
iieads at the ends of the two legs (A any Y branch with the other 
controlling conditions and the velocity in one of them, we may 
find that in the other. 

Fto1)l6m 2. — In this case we know the discharges but neither 
the velocities nor the sizes of the pipes. There will be, therefore, for 
each pipe two unknowns, a raze and a velocity, and hence in all 
2(2n— 1) unknowns. We may assume that the discha^e openings 
are fixed and the coefficients of discha^e known or assumed. From 
the known disohai^es we know the product vA for each terminal 
element of the s^tem. From these and equations of the form 
Vij4j=t>(^,+v^g we may work back and find the numerical value 
of vA for each element of the syst«m. This will give us (2n— 1) 
equations. 

We can then write n equations of the form (70), but shall still 
lack (n~l), or as many equations as there are junctions. It results 
that the system is indeterminate. There is no unique solution 
and the conditions may be fulfilled in an indefinite variety of ways. 
A physical analysis of the conditions in a single Y branch, for 
example, wiU readily lead to the some ooncluMon. 

n,g:,.ndtyG00glc 



54 HYDRAULICS OF PIPE LINES 

It foUowB that in order to make the problem definite we must 
fix (n— 1) of the variablefl. These muBt furthermore be fixed in 
a manner consistent with the other equations. We have already 
seen from (74) that the velocities in the two legs of any one Y 
branch are not independent, and that their relation is determined 
by the conditions in these legs. We are not, therefore, free to fix 
arbitrarily either velocity or area in both legs of any one Y branch. 
We may, however, fix one, and as there are (n— l)«uch Y branohcB 
this win represent the number of variables to be arbitranly assumed. 

We therefore proceed by fixing arbitrarily the area or velocity 
in one leg of each Y branch {for example 7, Kg. 20), The velocity 
or area in the same leg will follow convOTSely from the relation 
vA = V, while the velocity in the other leg 4 will follow from (73) 
or (74). In using (74) we shall need the pressure heads at points 
such as B and C. These are readily found by worMng back from 
the discharge ends. Thus knowing the heads at the discharge 
points F, Q, we readily work back, from the determined conditions 
in 4 and 7, to the head required at C and hence to the pleasure 
bead at C. Having found the velocity in 4 we find the area from 
vA=^V, and thus by working back from the discharge points all 
conditions become Imown up to the point B. Then from the head 
necesBary at B and the known head at A the condititms in element 1 
are readily found, and thus the entire system. 

As a variant on the above procedure -for this problem we may, 
for a given leg such as 7, a^ume the hydraulic gradient i instead 
of either the area or velocity. The diameter then follows from 
(36) and thence the velocity. The procedure otherwise is in general 
the same. 

It may easily result that, in working back in this way, an im- 
possible set of conditions will develop. Thus we find that the head 
required at £ is greater than that available at A. This will be due 
to the arbitrary assumption made regarding size or velocity or 
hydraulic gradirat. In such case the assumption must be varied 
until the system as determined becomes feasible and consistent in 
its various parts. 

In order to avcnd this, the procedure may be advantageously 
varied as follows : 

In Fig. 22 let ABC and ABD represent the profiles along the 
lines of a single Y branch. Let N be the pressure elevation at A, 
that is ,4JV=pres8ure head supphed by pump at initial end of AB. 
Then from the fixed discharges, discharge openings and coeflicients 
of discharge at D and O, the pressure heads at D and C just back 
of the valve are readily found (see (60)). Let these be set up as 
OE and DF. Then EO and FH are available for friction heads 
along the lines ABC and ABD respectively. We may then draw 
any line, straight or broken, from E toN and take such line as giving 
the hydraulic gradient along the pipe line ABC. The value or 
values of » thus determined may then be used, as before, in (35) 
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to find the diameter, and thence otherwise ae before. The aame 
general method Is readily applied to a more complex system. The 
procedure is, of course, entirely similar in caae the point A of Fig. 22 
is fed from an elevated reservoir. In such case, however, the point 
N (Fig. 22) shonld, strictly speaking, represent the head just inside 
the pipe 1 at .d rather than Uie levd of water in the reaervoir. The 
difierenoe is usually negligible, or otherwise we may assume the 
oonditioiiB in element 1, thus fixing the elevation of N and the 
hydiaolio gradient ae far as the first junction B, and then determine 
the remainder as above. Other variations in detwl wiD readily 
occur to the engineer having to deal with such {HYiidems. The 
main purpose of the arbitrary assumptions which are made must 
be to produce, if necessary, by trial and error, a final system, 
harmonious and consistent in its various parts. 

Problem 3. — In this case we do not have a fixed head at the 
initial point A. We'are therefore free to either fix arbitrarily or 
tentatively the head at A and proceed as in the first method dis- 




Fio. 22. — BRAHCHma System. 



ouBsed under Problem 2, oi otherwise, and preferably to fix, accord- 
ing to judgment, the gradients along some one line from the dis- 
charge end back to A and thus determine the head at A and the 
various sizes along the line. The head thus determined must then 
be accepted as applying to the other lines, or if not acceptable 
for them, another trial must be made. Thus by trial and aidjust- 
ment an acceptable system may ultimately be determined. 

Certain further interrating problems in connection with a rami- 
fying system arise when a reservoir head and a pumping head eie 
both appUed at different pdnts in the system, as in Fig. 23. This 
is frequently met with in connection with municipal distribating 
systems. 

Pioblem 4. — ^Assume the system of Fig. 23 to be entirely given 
with all elevations of outlets, sizes of pipes, valve openings and 
coefficients of discharge. Assume further at any given time a 
given level N in the reservoir. Assume a head AM maintained by 
the pump. Required the Sow throughout the system and the 
movement of the surface 1^. 

This problem falls directly under the treatment of Problem 1. 
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We have in the airaagement of the diagram seven elements in the 
[Hinng, and we Bhidl therefore require eeven equations. There are 
iiWe& outlets, E, F, 6, one outlet K under the head rejn^sented 
1^ the level S, and three jundaons. These will furnish the needed 
seven equatitma, and we may then find the flow in all elemente, 
indading the line 6 leading to the reservoir. The flow here wiD, 
however, raise the level N in accordance with the dimenstooB of 
the reservoir, and as the level rises the flow in 6 will become teas 
fmd less. It follows that a comj^te study of the case would require 
a series of solutions of the equations for a series of varying eleva- 
tions of N taken at snitable intervals, and corresponding to intervale 
of time which will result directly from the surface area of the 
reservoir and the mean rate of flow along 5 for any one interval. 
In this way a time history of the rise of level N could be developed. 
Ultimately a point would be reached where the flow in 6 will become 
zero, the level N will remain stationary and the flow in the remainder 
of the system will become steady at the values determined for this 
condition. This terminal elevation of N may be directly found by 
assuming immediately the condition of zero velocity in 5, and henoe 
the practical elimination of this branch with the reservoir from 
the problem. We then proceed with the remainder of the system 
exactly as in Problem 1, thus finding the flow along tdl elements 
of the system. With these known the pressure head at any given 
point is readily found. We therefore find the pressure head at the- 
point C, and this must give therefore the elevation of the aurfaoe 
■ N above C. 

In case the head AM maintained at A is, at the start, below 
the level required to maintain N stationary, then the flow in 6 
will be reversed, the reservoir will become a feeder, and the level 
N will fall until it reaches a point where the conditions will be 
steady with N stationary. In any case with a fixed level M the 
level of ^ for steady conditions is readily found by assuming 5 
with the reservoir removed from the system and then proceeding as 
above noted. Conversely, if iV is fixed, and it is desired to know 
the level at which M must be maintaJiied to keep S stationary, 
we should have a system with 5 pipe elements (assuming element 
5 removed) and with an unknown head AM. This wfll, in the 
given case, make six unknowns. We have three outiets, two 
junctions and a given pressure head to be realized at the ptnnt C. 
These will furnish the neoesstuy dx equatioDS. 

Problem 6. — ^In this case we assume given the discharge at the 
various outlets, a given head AM and a levd JV to be maintained 
stationary. Bequired sizes suited to resize these ends. 

The level N being stationary, the pipe 6 is inoperative, b,tiA we 
may therefore assume it removed so far as matters of velocity and 
flow are concerned. We ehaH then have as unknowns, five velocities 
and five areas. We shaU be able to write five equations of the form 
vA = V, two for the junctions and one for the given pressure head at 
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the point C. We most, therefore, arbitFarily fix two of the un> 
knowns, as, for example, the velocitiee in 6 and 7, and then proceed 
as in Frohlem 2. 

Or otherwise, and preferably, we may set np at the outlet, just 
back of the valve, vertical lines repres^iting the pressure heads 
required by the discharges (see EP, FR and G^, Fig. 23). We may 
then draw from P, Q and B hydraulic gradient lines haxik to M, 
which must, however, fulfil the following conditions : 

1. The gradients from P and Q must have a common point on 

the vertical through D, as at V. 

2. The gradient from C7 to Af must pass throu{^ S. 

3. The gradient from SUt M must meet that from V to M oa 

the vertical through B, as at T, and the two must be coin- 
cident from T Ui M. 
The gradients thus determined will then serve to determine 
the sizes of the elements of the system, as in Problem 2. 




-BBAtrcBiNO Sybtbk witb Double Supply. 



In case the pump shuts down, the system becomes reduced to 
that of a single reservoir aonroe, and niay be examined as in Problems 
1, 2 and 3. 

Various other combinations may present themselves in connection 
with problems involving ramifying systems, especially such as 
that of Fig. 23. In all cases, however, they may be investigated 
by the general methods outlined in the present section. 

In the case of reversed flow through such a ramifying system, 
a number of collectors leading ultimately to a sinf^ main, the 
same general principles may be applied. This, however, is a ca«e 
not li^y to arise. 

In the case of an interconnected network with inflow at one point 
and discharge at another, the general method of Problem 1 will 
still apply. It will be found that the number of junctions plus the 
Qumber of possible paths of flow will equal the number of elements 
in the system, and tbuB % complete set of simultaneoas equations 
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may be found which will serve to detennine the velodty in each 
elem^it of the system. In the case of Problems 2 and 3, the flow 
miiat be aasumed or known in two out of each of the three pipes 
formii^ each junction. The flow in the third pipe will then become 
known from equatitms of the form 

This will then serve to determine the entire system of flow. 
Then by the arbitrary fixing of velocity, size or hydraulic gradient, 
in the same general manner as in Problems 2 and 3 above, the 
remaining features of the system may be determined. 
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chapter ii 

the problem of the surge chamber 

22. General Statement of Problem and Derivation 
OF Equations 

Fboh (m) in Sec. 11, page 31, it appears that an unbalanced 
prmaure head pjw acting over the cross sectional area of a pipe at 
one end vill act aa an accelerating force on the water in the pipe 
and will jsoduce an acceleration measured by the equation : 

g dt w ^ ' 

Now suppose that we have given the arrangement of Fig, 24 
comprising the following items : 

1. A supply reservoir S in wliich the water may be supposed to 

remain at a constant level. 

2. A main conduit AB. 

3. A surge chamber or stand-pipe BO. 

i. A penstock line BL terminating in a control nozzle. 

Assume steady flow conditionB with velocity in main conduit 
AB=Vi, and level of water in surge chamber at C. This means that 
of the total head BQ at B, the velocity head plus the friction head 
has absorbed an amount measured by QG, leaving the balance as 
pressure head measured by BC. Kow the existence of steady 
conditions implies a balanced system of forces on the water in AB, 
composed as follows : 

1. Gravity with component acting ^ to B. 

2. Pressure at A distributed over cross section of pipe and 

acting ..i to B. 

3. Pressure at B disbibuted over cross section of pipe and 

acting £ to ^. 

4. Frictional resistance along pipe and acting £ to ^. 

Next suppose that with no change in the velocity v^ or in the 
conditions generally in AB, there should develop suddenly a change 
in BO as a result of which the water level shoiUd drop to iJ. It is 
obvious that the force equilibrium of the water in AB would be 
correspondingly disturbed. The pressure head at B is now no 
longer BC but BD, an amount less by the head CD. The result 
will therefore be an unbalanced pressure head acting on the water 
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in AB in the direction ^ to B, and measured by tMa distance CD. 
liiiB accelerating head will immediately operate to produce an 
acceleration in the velocity of flow along AB measured as indicated 

SimilfU'ly if with steady conditions and a velocity Vj in AB, the 
level of the water in BQ should suddenly rise to D^, there would be 
a, corresponding disturbance in force equUibrium itnd an unbalanced 
pressure head measured by CD^ would act at B over the cross 
section of the line in the direction B\x} A, producing a retardation 
in the velocity of flow along AB measured likewise as in (1). 

From this analysis the truth of the following general statement 
becomes self-evident. 

At any time during the period of velocity change let the vdodty 




along AB=sv. Corresponding to this condition the velocity and 
friction heads combined will have a certain value, say GC. Then if 
the pressure head=J3(7 (that is, if the water level is at C) the 
conditions for force equilibrium will momentarily obtain, and there 
is no accelerating or retarding head in operation on the water in 
AB. If, on the contrary, the pressure head diflers from BC (that ia, 
if the water level is not at C) the conditions for force equilibrium 
will not obtain, and there will be in operation an accelerating or a 
retarding head measured by the distance of the actual water level 
below or above the level C. 

We may express this somewhat more briefly by saying that with 
any velocity of flow in AB, if the water level in BO is where it 
belongs for steady conditions, then there is no accelerating or 
retarding head in operation on AB, but if tlw water level is fa«low 
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or above the location for steady fiow then there is in operation a 
corresponding accelerating or retarding head, measured by such 
difierence in level. Or still otherwise ; the accelerating oi retarding 
head acting on the water in AB is meaBored by the diSerence 
between the level of the water as it actually is and where it belongs 
for steady conditions with the given instantaneous value of the 
velocity. 

Now suppose a power house at L, the lower end of the penstock 
line, with fluctuating demand for power according to the accidents 
of the daily load curve, Suppose for the moment steady conditions 
with a velocity v^ in AB and water level at C. Let there arise a 
sudden demand for excess power such as would require a rate of 
volume flow greater than that which the main conduit is furnish- 
ing. The nozales at the power house, under governor control, will 
open up accordingly, the response from the adjacent penstock line 
BL will be prompt and we shall, after a few seconds time, have a 
flow through BL carrying the increased volume of water. The 
actual velocity in AB will, however, still remain substantially 
unchanged and the surge chamber BO must therefore supply the 
diflerence. As a result the level of water in the surge chamber will 
fall below the level for steady conditions, and as it falls will develop, 
as we have just seen, an accelerating head which will start in to ruse 
the velocity of flow in AB from the initial up toward a higher final 
value. 

In a similar manner, it is clear that if load is suddenly rejected 
at the power house, corresponding to a decrease in the rate of 
volume flow required, then the surge chamber wiU receive, for the 
time being, the excess flow coming along the line AB, and as a 
result the actual level in BO will rise above the level for steady flow 
and a retarding head will be developed ; and as a result of which the 
velocity of Sow in AB will be continuously and gradually reduced 
from the initial toward a lower final value. 

It thus appears that any sudden change in power demand will 
react on the surge chamber in such manner as to disturb the level of 
the water from its location for steady flow oonditionB, and thus to 
develop an accelerating or a ret^ding head. Followii^ these 
conditions in some further detail it is seen that as the v^ooity v 
gradually rises, the velocity and Motion head combination will 
increase and the level corrwponding to steady conditions will begin 
to fall. We shall have as time goes on, therefore, a dropping actual 
level of the water and a dropping level for steady flow for the 
momentary value of the velocity v, the diflerenoe between these two 
levels measuring tile accelerating head in operation. Thus in Fig. 25 
let OX denote a lime axis, A the level of the water at the stert of 
the change with velocity v^ and D the level for the final steady flow 
velocity v,. Then the time history of the drop in the actual level 
might be some curve such as AEFD whUe that for the corresponding 
level for steady conditiMiB with the monmituy value of the 
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velocity might be some curve such as ABCD. The difierences 
between these, measnred by the intercepts BE, GF, etc., give a 
time history of the accelerating head, as a leBult of the operation of 
which the velocity of flow will be finally raised from Vj to v^. 

Similarly for rejected load ; the rise in the water level plotted 
on time might give some curve such as AEFD (Fig. 26), while the 




Fig. 26. — Accelbration Head. 



rise in the level for steady conditions with the momentary value of 
the velocity might give some curve such as ABCD. The intercepts 
BE, CF, etc., furnish then a measure of the retarding head as a 
result of which the velocity will be flndly reduced from the higher 
to the lower final steady flow value. 




Rbtardatioh Head. 



The general problem of the surge chamber operatii^ in connec- 
tion with a hydraulic power unit under governor control involves 
therefore the following conditions : 

1 . In the initial stage the power unit is assumed to be developing 
the power Wi under steady flow conditions in the penstock and 
pipe line. While in this condition there is assumed to arise, let ns 
say, a sudden demand for more power. 

2. In the flnel stage and after this demand has been satisfled, 
the power unit is again assumed to be developing the increased 
power JF, under steady flow conditions in the penstock and pipe 
line. 

3. During the trfuudtion period, from (1) to (2) the governor is 
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asBnmed to operate continuously to deliver to the wheel from the 
penstock, the flow of water required to develop the power ff,.* 
The rate of volume flow to the power unit wUl, during this period, 
not in general be the same as the rate of volume flow along the pipe 
line, and the bui^ chamber must therefore either supply or absorb 
the diSereiioe. Thia will occasion a change of water level in the 
surge chamber with a resulting accelerating or retarding head aa we 
have seen. The change of level implies, however, a change in the 
pressure head at the surge chamber and hence in the net head 
ultimately available at the power house. But the rate of volume 
flow required to develop the power W^ will depend on the net head 
aviulable at the power house, and will approximately vary inversely 
as such head. Hence with demanded load, as the head continuously 
f^ls, the quantity of water required will correspondingly increase, 
while with rejected load, as the head continuously rises, the quantity 
of water required will correspondingly decrease. 

In the detailed discussion of this problem, consideration must be 
given to a number of different velocities, some actual and some 
virtu^. These may be characterized and denoted as follows : 

V, This is the actual conduit velocity under initial steady flow 
conditions. It is the actual velocity with the initial head 
and the original load W^. 
Uj This is a virtual velodty and is really the measure of a rate 
of volume flow. It is the velocity along the main conduit 
which would supply the quantity of water which, under the 
initial head, would serve to develop the final power W,. 
V( This is the actual conduit velocity under final steady flow 
conditions. It is the actual velocity with the final head and 
final load W,. 
u This is a virtual vdodty and is really the measure of a rate 
(rf volume flow. It is the velocity along the conduit which 
would supply the quantity of water actually required at the 
wheels to ^velop the power W^ under the head which 
prevails at any instant during the transition period. Under 
final steady flow conditions u becomes the actoal velocity 

V,. 

u„ This is the maximum value of u. 

w Thisistheactual velocity along the penstockline^^B (Fig, 24), 
corresponding to the delivery cd the quantity of water 
required by the wheels. 
Let Ai=CToas section area of main conduit (f2). 
^j— cross section area of penstock (f2). 
fli=head GB, Fig. 24 (f ). 
ff,=head BM, Fig. 24 (f). 
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F=ate& of Borge chamber at water level (f2). 
L^longkh of c<mduit (f ). 

y=movemeiit of water level from initiat position (f ). 
z=heiight of actual water level above B {I). 
Let 6, denote for the main conduit line the factor LjC^ {see 
Sec. 2) and 6, the sinular factor for the penstock line. We 
have then, 

&jVi*-|-&gU>j>=loBs of head due to friction binder initiiU steady 

flow conditions. 
&iVt*-|-&iUf,'=lo8s of head due to friction under finid steady 
flow conditdonB. 
H—bjVj'—b^i*=net head under initial steady flow conditions, 
H—bjV^*—b,Wt*=net head under final steady flow conditions. 

Referring now to Pig. 24, assume that at any instant duiing the 
transition period the actual level of the water in the chamber is at 
F while the level for steady flow with the existing velocity v is at £. 
Then the pressure head at B at this instant of time will be measured 
hy z=BF and the total head will be Bf+ velocity head v*j2g. Hence 
we have z+v^/2j7=actual head at base of surge chamber under 
conditions prevailing during transition period. 

Also H,—fr,to*= actual net head at power house available from 
flj. Hence 2+11^/23-)-^,— 6aKi*=total actual head at power house 
under conditions prevailing during the transition period, with 
actual water level at 1" and surge or total movement of watCT level 
from CioF. 

Again, assuming substantially uniform effidency for the hydraulic 
unit over the range from Wi to Wj, it results that the power 
developed will vary directly as the product of head by quantity per 
unit time or rate of volume flow. Hence we shall have the following 



Vi(B—biVj^—b^u?i^) represents load ffj under initial head. 
Ui(ff — 6,i>j'— 6,«ij') represents load Wg under initial head. 
V((if — 6jW,*— fijUin*) represents load W^ under final head. 

«(z+s — \S,~btio*) represents load W, under head prevEuling 
^ during transition period. 

We may then derive the following relations between these various 



velocities : 



1-^ (2) 

"i=i <" 

. «i(g-6ii.,'-ij.i-) ,,, 

"• — fl-v.'-».".' 

^^ ».(g-V.--i^.-) ,5) 
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Regarding these formulte it may be noted that (1) is a cable 
equation in v,. This, however, is readily solved by trial and error. 
Also in (6), which is intended to give u for known values of z a^d v, 
the denominator contains w, which is also nnknown. We may there- 
fore proceed by assuming a value of v> and then find u from equation 
(5) and check the result from (2). A trial and error procedure will 
thus readily serve to determine u for any stated condition of v and x. 
Or otherwise, by substituting for w in (5) from (2) the former may be 
reduced to a cubic equation in u and then solved by trial and error 
as with (4). 

We may now proceed to develop the eqaati<mB for the flow of the 
water during the transition period. 

First for any velocity v in the main conduit we have : 

— = velocity head . 

^^^friction head (Sec. 2). 

As above let E denote the level for steady conditiono with the 
transition velocity v, and F the actual level. Then 
z=BF, 

£J'^acoelerating head acting at the given instant. 
But EF=OB-iGE+BF). 
Whence from (1) we have 
Ldv 



) dt °^ \2g'^C*r) 



Also {«— i>)=defioit of velocity in AB. That is, the actual 
conduit velocity is v, while the velocity corresponding to the 
water required ie it. 

Hence ^(u— v)~deficit in rate of volume flow which most be 
made up by flow from the surge chamber. But 

— i^^^rate of flow from surge chamber, 
Then-i=^=^(u-t>). 



Then we have finally 

L dv 



- -^Hi-(CT»+z) (6) 



F dz 



..(7) 
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For certiun modes of study of this problem, equations (6) and (7) 
may be conveniently put into the form 

j=y-c{v^-vi') (8) 



9 dt 
A dt 



(«-«) (9) 



These eqaationa are readily seen to he the equivalent of (6) and 
(7). Aa written (8) tmd (9) apply to the ease of demanded load 
and a falling level. The changes necessary for the case of rejected 
load and a rising level are made by changing the dgn of dvjdt, by 
intercheuiging the signs of v^ and v^^ in (8) and of u and v in (9). 

Also from Fig. 24 the following relations are readily seen : 

z+y=Hi—cvi^ (demanded load) ) iin\ 

z-y=ff,-CTi* (rejected load) i ^ ' 

Equations (6), (7) or (8), (9) with (2) and (5) serve to define 
mathematically the conditdone of the movement of the water during 
the transition period. 

For demanded load with the actual level below the level for steady 
conditions, as at F, Fig. 24, {cti*+z) will be less than H^ and dv/dt 
will be positive in sign representing an acceleration of the velocity, 
afi is required to cany the value from v^ to the higher v^. On the 
other hand, with rejected load and the actual level above the level 
for steady conditions, as at F^, we shall have OE-\-BF^ greater 
than ffj and dvjdt will be negative in sign, representing a retarda- 
tion of velocity, as is required to carry the value from t>i to the 
lower V,. 

likewise in (7) with demeuided load u>v and dzldt is negative, 
implying a faUing level, while with rejected load u<v and dzjdl 
is positive, implying a rising level. 

In the preceding discussion of the operation of a surge chamber 
and in the curves of Figs. 26 and 26 we have for simplicity assumed 
that the various quantiti^ involved (water level, velocity and 
accelerating head) all move from the first or initial values to the 
final values contiimously in one direction only, and hence without 
oscillation about such final values. Such movement la usually 
styled " dead beat," and is only sensibly realized with a relatively 
large size of chamber. In the usual case all three quantities, as 
above, approach and ultimately reach the final values or condition 
as the result of an oscillatory variation, of rapidly diminishing 
amplitude, about the ultimate values. Thus in the case of de- 
numded load (see Fig. 27) the water level will rapdly drop (AB) 
and the level for steady conditions with the momentary value of 
the velocity less ra[»dly, (^41), thus indicating an accelerating head 
in operation during this period. In the general case the water 
level will reach the steady motion level for final vekicity v, (at B) 
before V baa reached this value. In other words during the drop 
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AB, V is continuoiiBly leas than u and dsjdt is negative, imi^ying 
a falling Level. At B this condition still continoea and the levd 
mufit drop still furtheT (BO) until finally v=u„ (level at G). At 
this point v has finally caught up with u (H) and dzfdt becomes 
This marks the lowest level reached by the water, a level also 
below that for steady flow (3) with the velocity m„, There is 
therefore still operative an accelerating head 3(7, which will carry 
the value of v beyond u„ and still further beyond u,. This excess 



Movement of Water teael 




of V over « will, however, bring more water than is required by the 
penstock and the result will be a rising level {CD). With the rising 
value of V will also come a further falling level for steady con- 
ditions, (3, 4), and the rising actual level ^nll thus soon meet and 
pass that for steady conditions (at 1), thus changing the accelera- 
tion head from plus to minus. 

In the meantime onder the influence of the accelerating head 
during the period ABCi the velocity has been consttmtLy rising, 
reaching the value v, at 0, the value u^ at H, wid ihs maximum 
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value t>„ at /, where the aoceletation chwiges eign. The sign ol 
dzldt, hoverer, Btill remuns the same, and the water level coq- 
tinues to rise {iOE), until finEdly, with water level at E the velocity 
again becomes equal fo u at a value less than v, (J). In the mean- 
time the velocity decreases {//), while the level tor steady motion 
rises i, 5, 6. In this manner these vaiiouB quantities see-saw 
back and forth, no two reaching the final steady motion values 
together until by a series of oscillations of rapidly diminisbing 
amplitude, they all finally reach sensibly their ultimate values iac 
steady motion with velocity v^. These various oscillations back 
and forth may be traced readily by the curves of Fig. 27, studied 
in connection with the above brief analysis of the first stages of 
the movement. It results that in the general case the various 
quantities pass through a periodic or c^cillatory movement, strongly 
dampened, or with a rapidly diminishing amplitude, until after a 
number of swings, greater or less according to circumstances, the 
accelerating head becomes Beoaibly zero and the water level and 
velocity have senaibly reached their ultimate conditions. 

The extent of the first awing beyond final values (as at 0, Fig. 27) 
will depend on the size of the chamber relative to the other 
cfaiuacteristicB of the case. The smaller the chamber the greater 
will be the amplitude. With a chamber of sufficient dze the swing 
beyond final values becomes negligible, and the movement is then 
sensibly dead beat. 



23. Treatment of Surge Chamber Equations 

Difierential equations of the form presented in (6), (7) or (8), (9), 
and representing a dampened oscilUtion in which the retiurding 
force varies as the square of the velocity, do not seem to permit of 
direct solution by any known mathematical means. Under theae 
conditioua the following conrses are open : 

1 . The treatment of restricted or special cases which may admit 

of mathematical solution. This represents a partial solution 
of the equations. 

2. The treatment by approximate methods involving some 

departure from the exact relations implied by the equations, 
and thus making possible a solution by direct mathematical 
means. 

3. The treatment of the equations as they stand or in simplified 

form by methods of approximate numerical integration. 
This method involves no departure in principle from the 
relations involved in the equations, and the only errors 
axe those of numerical detail, and these may be made as 
small as derared. The direct treatment of the equations 
in this manner involvee a trial and error inx>cess, and is 
necessarily tedious in numerical detail. 
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i. The treatment of the equations as they stand or in amplified 
fonn by a reversed or indirect proceee of numerical inte- 
gration which avoids the trial and error feature of (3). 
6. The development, through an extension of the law of kine- 
' matic similitude, of a series of relation coefBcients serving 
to connect the actual case with a model of workaUe size. 
Observations are then made on the model, and these ue 
transformed, through the proper coefficients, into corre- 
sponding vaJues for the actual case. 
Space will permit of only a brief survey of these various methods 
of treatment, 
(a) Sdntion ol Special Cases. 

Complete shut down with cyUndrical surge chamber. Prof. I. P. 
Church* gives for the case of a oomjAete and sudden shut down 
the following foTmulte : 

er'-et.,'-s+i(l-e-'>) (11) 

!'.=".Hj(l-e-'*-) .(12) 

Where y=movement of water surface measured from initial 
level (f). 
9„=mazimum value of y or maximum surge (f ). 
vsvelodty corresponding to any assigned value of 

J/{fB). 
tfi=initial velocity (fs). 
c=^asiaSeo. 22. 
e=Naperian base. 

P=~~ with the notation of Sec. 22. 
AL 

This value of y„ is in a form which can only be solved by trial 
tmd error, but the successive approximations come very quickly 
and a sufficiently accurate value may soon be found. Tlie author 
pves an illustrative case in which Vy=1-^tB), cv^=\\lf), c='1955, 
J'/^=2-25, i/=140(f). Whence i'=-2024.0 as a first approxima- 
tion y„ was taken=20. Then finding the value of e— ^^^ we have 
1/57, and finding thence the value of the right-hand side of (12) 
we have 15-85 as the second approximation. Similarly assuming 
j/„=16 on the right-hand side we find y„=15-7, and again putting 
y„=15-7 on the right-hand side we find y„=15-74, which is suffi- 
ciently close check. By actual experiment in this case a value 
y=16 was observed. 

Complete ahui down with overflow. For this special case Prof. 
I. P. Church gives formulae as follows. f (Notation transformed to 
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correspond -with that used in the present work. See Sec. 22 uid 
KgB. 28, 29). 

Let z=di8tajioe moved by water in main conduit after beginning 
of overflow {f). 
^ar=vol»inie of overflow (t3). 
Vi=veIocity in main conduit at instant of Bhut down (fs). 



iffl 



FlO. 28. COUFLKTK SBTJT-DoWM WITH OVBKFUIW. 

Vt^Telodty in main oonduit at begioiuiig of overflow (fe). 

romidby{ll). 
ii=Telooity in general (fs). 
(=time from beginning of overflow (s). 






la. 



(fopHg.28). 
(for Kg. 28). 



PT 



Fw. 29. — CoMPixTB SHtn-DowN WITHOUT Ovisiixow. 
Then for Fig. 28 : 

'=44Ie^'] <'^) 

L n»+a)(».-m . 
'-^58 '"«•[(«-«)(»,+«)] '"' 

and for Fig. 29 : 

'-^'"^S^TFSJj "°' 

'-^['"-'Ir'"-'!.] w 
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If T=time to bring v to z 



T= 



gbSy 



) (end of first op surge] then ve have 
tui-> J (11) 



These equationB ^ve the distance x, the overfiow Ax and the 
time t, all corresponding to any assigned value of ti lying between 
V, and S for Fig. 28, or between v, and for Fig. 29. 

In the case of Fig. 28, S is the final velocity, luid from (14) the 
time required to reach this velocity will be oc. In the uaual case, 
however, the approach to the final velocity is rapid, and the final 
condition is sensibly reached in a relatively short period of time. 
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FuU openiiig from closure. Church's formula.* If in equatitms. 
(8) and (9) v^ is taken as zero and neglecting governor action we 
put u— V, and then combine the two equations so as to eliminate 
dt, we find the equation : 

ydy-ev^=j-(vt—v)dv. 

Integrating between limits of and y„ for y, and and f, for 
V we IiAve 

y»-2cj^\^=-^V (18) 

• "Trana. Am. Soc. O.E., 1915," Vol. LXXIX, p. 272. 
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The integration indicated in the second term cannot be earned 
out unless the relation between v and y is known. In some cases 
the assumption that the relation is that of the quadrant of an 
ellipse, as indicated in Fig. 30, has been found to give results cl<»ely 
agreeing with observation. 

On this assumption, the half axes being taken as v^ and y^ equa- 
tion (18) reduces to j r 

yV-0-1917c«,V»=3^fi' (1») 

'^"l=«96c...+«,y^+-0092cV m 

or approximately 

»-=^+Vi '"' 

Investigation through numerical integration shows that where 
▼aloes of ALjFg are small, that is.^wbere^the surge chamber is large 
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and the movement of the water surface nearly dead beat, the above 
assumption regarding the form of the relation between v and y 
is not closely realized, and the application of the formula will 
involve a considerable error in the resultant value of y. Its use 
cannot, therefore, be recommended in such cases. 

FvU dosure. — If the assumption made by Church regarding the 
relation between friction head and velocity be extended to the case 
of closure (see Kg. 31) the equation corresponding to (21) takes 
the form 

s'«=i'+y^+('^v (22) 
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Numerical inveetigation here, Likewise, shows that the formula 
is not applicable in cases where ALjFg is emaJl. 

In a particular case where ALjFg had the value 43-6 with A 
for fuU velocity 32 and a range of velocity from to 10, the applica- 
tion of numerical integration gave the following results : 
For opening, t>= tou^lO, i/„=69-6. 
For closure, «=10tow=0, y„=78-6. 
The application of the above approximate formulae gives corre- 
sponding results as follows : 
For opening, j/„==69-2. 
For closure, y„=77-5. 
Again with the same maximum value of A and the range of v the 
some as ahove but with ALIFg=4-35, the application of numerical 
integration gives results as follows : 

For opening-, v=0 to t>=10, j/„=32-0. 
For closure, «=10 to v=0, y„=38-7. 
The application of the above approximate formulae gives corre- 
sponding results as follows : 
For opening, y„= 24-06. 
For closure, y„^34-07. 
In the first case the results by formula give a close approximation 
to the correct values. In the second case the error is more con- 
siderable. Examination in the latter case shows that with the 
values as taken, the relation between ti and y bears no very close 
relation to an ellipse and hence the results derived on such an 
assum^on are naturally in error. In Mgs. 30, 31 the full lines 
show the actual form of the curve between v and y for the two cases 
as noted, while the dotted lines show the corresponding ellipses. 
The degree of departure is thus plainly apparent. 
For the case with full closure, Johnson* proposes the formulte : 

!-,=»,y^W (23) 

-Iv/IF^' ■■■■<-) 

((=time to reach y). 

Tests of all such formula, through approximate integration, 
show that they are applicable each to a relatively narrow field of 
use only and that application outside of such range may lead to 
considerable error. 

(6) Approzimate General Solations. — The following approximate 
equation is given by Johnson. | 

!''™'=l|("«'-"i)*+'''(»'*''- V)' (25) 
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Id thia fonn the equation applies to the case of demanded load. 
For the cafie of rejected load the fonn is the same but with the 
interohange of v,' and v^. This implies equal values of y„ for the 
two cases . In this equation the value of v^' is to be takeo somewhat 
greater than Vj for the case of demanded load and less than v^ in the 
case of rejected load. The author of the formula states that for the 
case of demanded load the value may be taken from the equation : 






.(26) 



Where H is the total head and j/ is a first value of y„ derived 
from (24) by taking Vi'=V]. For rejected load the inverse ratio 
(H—y)IS may be correspondingly inferred, although the author 
does not specifically refer to this case. 

As a further refinement ot check on these equati(ms, with special 
reference to demanded load, Lamer* proposes the following : 



!'«'=jr (K,'-i'i)'+c''(V'-^i')' 
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To use these equations prooeed as follows : 

1. Use equation (26) and find a trial value of y^ ; or otherwise 

a^snme a value according to judgment. 

2. Substitute this value in (27) and fiad v^'. 

3. From the specified load change find u^ from (3). 

4. From the Imown chareMsteristice of the case find the value of 

ALjFc and usuig this in Table X XTU find the corresponding 
value of k. 
6. Substitute the values of v^', Uj aaA k in (28) and find «„. 

6. Substitute this in (S) (see also (2)) and £uid z. In substituting 

in (6) v^l2g which is unknown may safely be approximated. 
This value of z with (10) will then give y„. This is then 
compared with the assumed value. 

7. CorreotfirBtaasumptionandpioceedaebeforebytiialimderTor. 
These equations and table rest on an empirical basis draived 

from the examination of the results for fifteen selected cases 
* " Jouinal Am. Soo. Hsob. Eng., Jan., 1909," p. 113. 
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through the method of arithmetical integrstioii, as explained hy the 
anthor in the reference cited. 

(c) Problems as Sbnplified by Disregazdlng Governor Action and 
by Assomii^ Friction Head to Vary with Fizst Power ot Vdooity.— It 
the volume of water delivered to the wheel duiing the transition 
period be assumed as constant at the rate A^v^ equations (2)-(S) 
disappear from the problem and we have left simply (6) and (7), in 
the latter of which u becomes v^. This is equivalent to a disregard 
of governor action during the tnuisition period and to the assump- 
tion of a deUvery of a constant volume flow of water instead of the 
development of constant power. 

While this still leaves (6) and (7) beyond the reach of direct 
mathematical solution it nevertheless aids materially in treatment 
of the problem in vMiions approximate or special or indirect ways. 
While the amount of surge as found for this simplified case is 
smaller than the true value, the magnitude of the error is often not 
serious. Especially is this the case where the friction head is a 
small fraction of the total head at the power house. On the other 
hand, where the friction head forms some considerable part of the 
total head the error resulting from the use of the dmpUfied form 
nught become significant. 

Li ptuiioular Uiis simplified form of the equations is well adapted 
to treatment by an approximate method which has attracted the 
attention of a number of writers on this subject.* This method is 
based on the assumption that the frictional resistance in a pipe varies 
with the first power of the velocity instead of with the square. 
As a result of this assumption, equations (6), (7) becomes simplified 
in such mtuiner ae to admit of direct mathematioal treatment. 

Following are some of the more useful results. 

Rejected load, partiai or complete closure. — ^Assume in general the 
notation of Sec. 22. Also the following : 
Jv=(t),—ii,)= velocity change. 

J&=c^t>=difference in friction heads for V| and v^ on 
assumption that h varies aa v. 




21-26. Warcen, 
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Then y— JA=e-«'(B Bin mt—Ah coa mt) (29) 

y„— JA=e-'«.(S Bin 0—4h coa fl) (30) 

Equation (29) gives the value y for any value of t. 
Equation (30) gives the value of y„ in terms of an angle 9 and the 
oorreaponding time t{, detenmned a« above. 

Numerieal Example : 
i=9000 (f). 
^■=5000 (12), 
A=16 (f2). 
Vi=6-5 (fs). 
h,=9 6(i). 

«B=0 (complete shut down). 
We then find by Bubatitution of numerical values : 
J«=6-5. 

c=9-5/6-5= 1.4616. 
o=-002611. 
m=-00684. 
B=10-63. 
tan ^=-2-620. 

e- 110°- 53'= 110°-9= 1-9356. 
(i=283 sec. 
sin 9= -9343. 
COB 9= —3565. 
o(^=.7388. 

B sin e=9-929. 
JAcoa e=3-387. 
difr.=13-316. 
e-«iXdiff.=6-36. 
add 9-5. 
y„= 15-86. 
While the above equations in the form given apply specifically to 
the case of rejected load and reducing velocity, the numerical 
values, on the present hypothesis regarding the relation of friction 
head to velocity, are 'the same for change in either direction 
between the same limits of velocity. Any problem in demanded 
load may therefore, for numerical solution, be converted into the 
corr^ponding problem in rejected load (change between the same 
velocity limits) and the solution found by the equations aa above. 

The error introduced by the present assumption regarding the 
relation of friction head to velocity is such as to give by the result- 
ing equations a result somewhat too small for rejected load and 
somewhat too large for demanded load. In the case cited earher, in 
comparing the results given by equations (21), (22) with those 
given by numerical integration, the value given by the presnet 
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equationa is 74 for either rejected or denumded load, lying neaiiy 
midway between the values 78-6 and 69-6 found by numerical 
integration. 

{d) Treatment of Snige Chamber Eqnationa bjr Methods ol 
Approximatfl Intention. Surge Chamber not Limited to Plain 
Cylindrical Form, — In the methods of treatment thus far discussed, 
the surge chamber is assumed to be of the plain cylindrical form 
with uniform cross section. The assumption of a form of surge 
chamber with varying cross section, aa for example, a tapering or 
conical form, would introduce further complications beyond the 
reach of methods of this character. 

In the method of the present seotion, however, there are no 
such limitations, and the surge chamber may be of any form 
desired. 

Writing again equations (6) and (7) we have 

||-fl,-(».+.) (6) 

Fdz 

-2 3-'"-" (" 

If the sui^ chamber is of the plain cylindrical form, the ratio 
FjA is constcuit. If the chamber is of varying cross section, then 
FJA will vary according to the known values of F at the water 
level. 

Suppose now that at any given instant of time t, all values of the 
vuiables, dv/dt, v, z, u and dzjdt are known. Next take a small 
interval of time ^ and for the time t-^ At assume a value of the 
acceleration dv/dt. We thus have two values of the acceleration, 
one at the beginning and one assumed at the end of the time interval 
At. It Atie small we may take, without serious error, the mean iA 
the two values multiphed by ^t aa a measure of Av, the change in 
velocity for the same tdme interval. This will give a value for the 
velocity at the end of this time interval, or for time t-\-At. Next 
putting in (6) the assumed value of dvjdt and the derived value of v 
(both for time (t-\-Al)) we may solve and find the value of z for the 
same instant of tim«. 

Taking now the new values of 2 and v with an assumed value of 
U! in (5) we find by trial and error the correct value of u for the 
derived values of z and v. This value of u substituted in (7) will 
give the corresponding value of dzjdt. We then have two values of 
dz/dt (for the beginning and end of the interval At), and using the 
mean with At we find the resulting value of Az, the change in z for 
the period At. Combining this with the initial value we find a 
value of z for the time t-\-At. We have thus found values of z for 
the end of the interval At in two different ways, one by way of (6) 
and one by way of (7), both starting from the assumed value of 
dvldt at the time t+At. If this aasumed value was correct, the two 
ues 2 will agree. If incorrect they will disagree. The latter will, 



dvldt 
valut 
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of course, be the result in the nsaal case. This operation must there- 
fore be oonsidered as giving a first appa^ziinaticm. The extent and 
direction of the difference in the two values of z wiU serre to 
indicate the nature of the change to be made in dvjdt by way of a 
second approximation. In this manner by successive steps, a set of 
values for all the variable is found which will satisfy the equations 
(6) and (7) ; and such are then taken as the values for the instant of 
time t+4t. The operation is again repeated for another inter- 
val At, and ao along step by step ae far as it may be desired to trace 
the histoty of the movement. 

As noted, the method requires a starting-point at which all 
values of the Tcoiables are known. This is the caae at the beginning 
of the period of acceleration in the main condoit. At this instant, 
assuming the velocity in the penstocks to have acquired the value Wi 
(corresponding to u^ in the main conduit) and with the correspond- 
ing beginning of movement in the level of water in the surge 
chamber, w© shall have dvldt='Q, «=«i, z=H—bv^ and dzjdi= 
—(uj—Vi)AIF. These then are the initial values from which a start 
may be made in the mtumer described. 

K desired other and more accurate rules for numerical integration 
may be employed, as for example, the following : 
o=A/12 (5j/,+8y,-t/t). 
For the area between the two ordinates y^ and y, of Kg. 32. This 
assumes the arc of the curve to be a 
second degree parabola and is therefore 
more accurate than the use of an arith- 
metical mean, which assumes the are of 
the curve to be a straight line and the 
contour to consist of broken straight 
lines. This rule can be used as soon as 
two sets of values of the various quanti- 
ties are known ; that is, as soon as the 
first point beyond the initial has been 
found in the manner above indicated. 
In carrying out this work it is highly 
advantageous to carry along a series of plotted values of the 
different variables. £i this manner by noting the trend of the 
' curve the new value of dvjdt to be assumed in each case may 
be chosen very near to the correct value, and a satisfactory set of 
results therefore determined with the minimum number of trial 
and error steps. 

The details of the work may be modified'in various ways, as the 
interested reader will readily discover for himself. 

By varying the time interval At according to the conditions of 
the problem any desired degree of accuracy may be realized. 
According to the dimensions and conditions involved and the 
degree of accuracy desired, the value of At may be taken from 
5 see. or less to 100 sec. or more. 
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If instead of treating (6) and (7) in connection with (2)-(6), the 
simplified ease ia tak^, assuming constant volume discharge of 
water to the wheels, then, as noted preTiously, u becomes constant 
=Vg and the details of the process are greatly shortened. 

(e) Treatment ol the Surge Chamber Problem throi^h the 
Asaiimptioii ol a Predetermined Program ol Acceleration. — The 
method developed in the preceding section involves necessarily a 
trial and error process. This results from the fact that the dimen- 
sions and proportionB of the chamber are assumed as fixed, while 
the quantities to be determined are the consequenoee developing 
from a stated change in the load conditions. 

If, on the other hand, the dimenfflons and proportionB of the 
chamber are left to be determined, then we are free to fix according 
to choice any of the other variables entering into equation^ (d), (7), 
as, for example, the time history of the acceleration dvjdt. This is 
equivalent to stating the problem thus : Given a program for the 
water, required a surge chamber to produce it. The problem thus 
stated admits of solution by a straightforward prooess and without 
trial and error approaches. 

For the details and possibilities of this method, reference may be 
made to a paper by the present author,* in which a full discussion 
of the subject will be found. 

It may be here noted, however, that by this method there is, of 
course, no assurance that the form of chamber resulting from any 
arbitrarily assumed time history of the acceleration will be accept- 
able from a structural view-point. While it might produce the 
particular program of acceleration proposed, yet the form or 
dimenmons might be undeeiraUe. It results practically, however, 
that with a littie experience the nature of the relation between the 
curve assumed for acceleration and the resultang form of the 
chamber comes to be readily appreciated, so that a form of curve 
suited to any generally proposed form of chamber may be assumed 
without difficulty. 

It may be also noted that by this method, the minimum dimen- 
sions of chamber which will render the movement of the water 
substantially " dead beat " are readily determined. 

(/) Treatment ol the So^e Chamber Problem by Model Experi- 
ment throDgh the Application ol the Law of Kinematic Similitude.— 
Let L, d, D, A, F, v and H denote, as in Sec. 22, length of main 
conduit, diameter of main conduit, diameter of surge chamber, area 
of midn conduit section, area of surge chamber section, velocity in 
main conduit and head in general. 

Now let us assume the existence of two different cases with 
different values of these various characteristics, but so related as to 
produce, for similar load changes, similar time histories of the 
aeoeleration head in the surge chamber {EF, Fig. 24) and hence 

* " Trana. Am. Soo. Meoh. Eng.," VoL XXXIV, p. 319. 
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historiee of the acceleration of the velooifcy in the main 
condtiit. 

The term similu, as here lued, impliee the traosfonnation of one 
hifltory into the other by a suitable change in the Bcalee for accelera- 
tion head and for time. Assuming the time histories plotted aa 
curves, this will imply the transformation of one curye into the 
other by a suitable change in the scale of the horizontal and vertical 
axes. Thus in Mg. 33 let the curve OAtBt represent the accelerating 
head for case No. 2 plotted on time. Then if the vertical ordiuates 
8 of OAfBg are multipUed by a factor, say -60, and the 




Fio. 33. — S1VI1.AS Curtis. 



horizontal dimensions by a factor, say -80, tuiother similar curve will 
be produced as shown by OAjB^^. Thus to every point on No. 2, 
as for example, Pg, A^, Q^, etc., there will correspond a point on 
No. 1, as Pi, Ai, Qi, etc. 
Writing now equations (6) and (7) we have 

^^-B,-(cv^+z) (6) 

-:i^=(»-"> (^> 

The left-hand term of (6), as we have seen in Sec. 11, is a measure 
of the acceleration head. Now assume this equation applied 
numerically first to case No. 1 and then to No. 2. At corre- 
sponding instants of time the left-hand members will be related 
by a fixed ratio. Hence the same must be true of the right-hand 
members, term by term. 

Without attempting here to develop any general discussion of 
the principles of kinematic simihtude, it may be noted that in the 
case of any algebraic equation which is to be apphed to two diSerent 
physical s^tems involving similar phenomena, such application 
being made efiEective through the use of a scale or transformation 
ratio, then each term in the equation must be subject to transforma- 
tion from one system to the other through the use of the same scale 
ratio or factor. Or in other words the equation must be homo- 
geneous in the transforming factor. The underlying reason for this 
may be seen by referring again to (6). The left-hand member is a 
quantity of the order of a vertical height ; it is a linear dimension. 
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Hence every member of (6) must also be a linear dimen^on and 
whatever ratio may exist for any one member aa between case 1 and 
case 2 must abo hold for all other members. 

We are now ready to determine the various relation factors 
between the two caaee in order that the assumed . condition of 
similarity between the two acceleration curves may be fulfilled. 
Let the length ratio or L^ILi=^p. 
Friction pins velocity head or o ratio =C(/cj=j, 
Velocity ratio for any two corresponding velocitieB=»'. 
Time ratio for any two corresponding periods of the move- 

ment=«. 
Then we have immediately as follows : 
«* ratio =r*. 
cv^ ratio =gr'. 
But cw" ia a term in (6) and represents therefore a vertical dimen- 
sion. Hence the same ratio qr* must hold between all other terms 
of (6) and in general between all similar vertical dimensions in the 
two cases. Hence we have 

H ratio =gr* 
z ratio =gr' 
y ratio =(p"' 

and - -J- ratio=ffr'. 

But the L ratio— ;> and hence 

dv ^ or* 
■y, ratio=i-- 
dt p 

But the dvjdt ratio must equal the quotient of the velocity and 
time ratios or r/s. Hence we have 



/* 



Again the dzjdt ratio must equal the quotient of the : 
ratios, or ^j^ or^ 3" iu 

Tnfift— ^i nr aiihafif.n+.inn tha Traill^ n.1 a ^' h} 



-^ ratio =— or substituting the value of « 

dz ^ 

-n ratio= — , 

(ftp /i 



m 



Hence from (7) we have .(j ^i ^' 

-^ratioX^ — =uratio=r. ' J C i) 

^ ^ P ^ n- ?' 

or -J ratio=-f:s ,*r ^ kt 



// ■ 
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But J'ratio=(i)ratio)*=(i>j/P,)'' 
and A ratio=^{d ratio)* =(dj/dj)* 
BO that we have finally ; 

D ratio==^-ixd ratio. 
Volume ratio=f ratio X height ratio=-X (d ratio)*. 

Collecting for convenience we have a series of ratios aa follows : 
(a) The ratio of all similar vertical dimensionB, sach as maximum 
movement of water level, movement for final steady 
conditions, movement for corresponding parte of the 
acceleration curve or in corresponding values of the time, 
wlD equal qr^. 
(ft) The ratio of the time intervals for the whole or for corre- 
sponding parte of the transition phenomena will equal — . 

(c) The ratio of the diameterB of the chamber at corresponding 

(d) The ratio of the volumes swept through by the water surface 

in corresponding times will be - ^or - -j^. 

It resulte that if these various relations between the dimensions 
and characteristics of the two oases are fulfiUed, then the two 
acceleration curves will be similar ; or otherwise, for similar velocity 
changes the acceleration curves will be similar eaid the movement of 
the water level in the surge chamber for one case will be in a known 
relation to that in the other case. 

The application will be made dear by an illustrative case. 
Let £,=30,000 (f). 
d^=S (f). 
<is=60-27 (f). 
Upper velocity =8 (fs), 
Friction+ velocity head at 8 (f8)=66-7 (f). 
Value of c,=l-042. 
Proposed diameter of surge ohamber=45 (f). 
Suppose now that it is desired to forecast the behaviour of this 
case by means of a model using for the conduit say 20 feet of pipe, 
1-inch internal diameter. 

Then length ratio=p=30,000/20=lS00. 
Diam. ratio =d(/(ii=96/l=96. 

Suppose that it ia found by experiment that an upper velodty 
of 5 {&) wlU be most suitable for the model. Then velocity ratio 
r=8/5=l-6. Next let the ooefBcient c be determined for the pipe 
by experiment. Suppose for a velocity of 5 (fs) the friction+ 
velocity head is 2*5 (f). 
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Then for the model Ci=2-5/25=-l. 

Then for the c ratio we have 2=l-042/-l=10-42. 
Then we have as follows : 

From (6) the time ratio a=89-98 

From (a) the vertical ratio =26-68 

From (c) the ratio i>,/Di=223 

Whence i),=(46xl2)/223=2-42 (i). 

Suppose then that we fit up the pipe with a model sui^ chamber 

of diameter 2-42 (i) and observe the movement of the water under 

various conditions of load change. 

Thus, for complete shut down fuD flow let the total rise of water 
be 36 inches or a 5-inch surge beyond the position of final equili- 
brium. Then the corresponding movement in case 2 should be 
5x26-68=133-4(i}or 111(f). 

Again, if the time to maximum rise of vater level is 6'5 (s) in 
the model, the time in case 2 should be 6-5x89-98=585(s)=9-75 
minutes. 

Again, if it be desired to know the movement of the water level 
for an increase in load correBponding to a change in velocity in the 
main conduit of case 2 from 3 (fe) to 6 (fs) we observe the move- 
ment with the modd for a change from 1-876 (fs) to 3-76 (fs), and 
apply the suitable ratios. 

24. Differential Surge Chamber 

The difierential surge chamber consisting, in effect, of a small 
riser or stand-pipe connected to the line and to the penstock and 
standing within a larger chamber to wHch it is comiected with 
porta, has been investigated and discussed exhaustively by John- 
son.* limitations of space forbid a detailed discussion of this 
combination of elements, but the interested reader should refer 
to the original papers, as noted, for a full consideration of character- 
istics offered by this device. 

"TranB. Am. Hoc. C.B.," 
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CHAPTER m 

WATER RAM OR SHOCK IN WATER CONDIKTS 

AssuHB Or straight inclined conduit, as in fig. 34, leading from a 
reservoir at the upper end and controlled by a valve at the lower 
end permitting of opening or closure at any desired rate. 

Suppose the water flowing steadily with a given conduit velodty v. 
If now the viJve B is suddenly opened or closed, wholly or partitJly, 
there will be initiated at £ a disturbance in the pressure condition 
of the water of the same nature as an acoustic wave in air, and 
subject to the same general laws of propagation. 

As the first specific case we shall consider complete and instan- 
taneous closure. 

26. Water Ram with Instantaneous Complete 
Closure : General Physical Conditions 

In this case we may picture the physical conditions as represented 
by a moving elastic column of water suddenly arrested at the lower 
end. We shall further, for simplidty, first assume the pipe as rigid 
and disregard the influence of friction on the pressure head of the 
water. After developing the physical conditions presented by this 
relatively simple and ideal case, the modifications neceBsary to 
allow for elasticity of the pipe wid for friction will receive con- 
sideration. 

By analogy we may picture a long spiral spring, moving endwise 
with a velocity v, and suddenly striking an immovable otetacle 
at the forward end. The result for the water column will be a 
compression beginning at B and propagating upward toward A, 
untU finaJly the entire column will be brought to rest in a condition 
of compression from one end to the other. The period of time 
required for reaching this phafie is, furthermore, just the time re- 
quired for the propagation of an elastic compressive wave the length 
of the line, or from B to A. Physically we may picture the lower 
end of the column coming to rest against the face of the valve 
and the remainder of the column continuing on until at each point, 
as it reaches the same degree of compresaon, it also comes to rest ; 
and thus the edge of the compressed section travels up the line with 
the velocity of propagation of an acoustic wave, until at the close 
of the period, the entire mass of the column is at rest under com- 



ty Google 



WATER RAM OR SHOCK IN WATER CONDUITS 85 

In Rg. 35 let A^^ denote the length of the column at 
the instant of dosuie, and the arrow the direction of motion. Then 
■A^Bi will denote the compressed length of the column at rest, or 
tha condition at the close of the period which we have just con- 
sidered. Again, it will be clear that the kinetio energy which the 





Fio. 34. — Shook 



column of water possessed in virtue of its velocity v, has, at the end 
of this period, disappeared and become trmsformed into the 
potential energy of compression under 
the condition denoted by A^B^. In the 
condition A^B^, therefore, while the column 
of water is at rest momentarily, it is not a 

in equilibrium with its surroundings, since 
it is under the excess pressure resulting 
from the compression as noted. It wiU, 
in consequence, begin to return toward 
normal condition, and a wave of expansion 
will start in at the upper end A^ and 
progress downward toward B,. The com- 
pression, in other words, wUl gradually 
yield, the particles of the column moving 
upward and the wave of expansion pro- 
gressing downward until finally, in the ^ ^ 
phase AfB^, the original condition will be j<jq 35 
reached, but with the particles of water s^tccessive States in 
moving upward. Comparing the con- OecftLAima Water 
ditions AqB,, and A^^, we have the Column. 
volume and condition as regards pressure 

the same ; also the energy is entirely kinetic in both cases, but 
reversed in direction in A^2 ^^ compared with A^^. 

Considering A^ as virtually a free end, it is clear that the result 
will be the same as though the column as a whole should continue 
to move upward, thus relieving the pressure at B^, and starting 
in a wave of further dilatation at B^ which will progress upward 
toward A3. The ultimate result will be a condition A^B^, in which 
the column will be momentarily at rest in a state of dilatation. 
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The kinetio energy in the stcite A^^ vill thus be stored up against 
the gravity forces which serve normally to produce the condition 
of relative compression denoted at A^f^ or ^(B,. It will be shown 
later that as compared with the normal pressure in A^^, the drop 
in presaure in A^^ will equal the rise in AiB,. 

Again, while this is a condition of rest, it is not one of equilibrium, 
and it will be followed by a return wave of relative condensation, 
beginning at A^ and progressing downward toward B^. The result 
of this will be a letum toward normal condition, and ultimately 
the column will be in the state A^B^ with the energy kinetic in 
form and the particles travelling downward, and with the original 
state as regards volume and pressure. 

Condition A^B^ is thus seen to be the same as condition A^f,. 
We have thus traced the phenomena through a complete cyde, 
and aaeuming a perfectly elastic liquid, the sequence of compression 



and dilatation in volume with rise and drop of pressure above and 
below the normal, would continue indefinitely. Actually due bo 
viscous resistance the oscillations will dampen out after a few 
cycles, the number and character depending on the circumstances 
of the case. 

As a further ^d in picttuing the condition of the water in the 
various phases of this wave of compression and dilatation, reference 
may be made to Fig. 36, showing intermediate phases, with the parts 
of the column under compression or dilatation indicated by the 
shading. 

If now we assume a pressure gauge located at the lower end of 
the line, it is clear that relative to normal pressure the phases from 
to 6 (Fig. 36), will show a rise in pressure and from 6 to 12 a drop 
in pressure. This is shown by the line OABCD (Fig. 37). This 
diagram, of course, assumes ideal conditions in the liquid and a 
gauge acting without lag or inertia. It thus appears that the 
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) will suddenly riBe to an amount OA above the normal 
and hold such value uniform during the phases to 6 (Fig. 36), at 
the end of which period it will 
suddenly drop to the point G 
(Kg. 37), below normal, which 
value ib will hold during the 
phases 6 to 12 (Fig. 36), following 
which there will be a reversal to 
excess pressure and a repetition 
of the cycle. 

From a study of the diagram 
(Fig. 36), it will also be clear that 
at any point in the line not at Pia. 37. — Timb History of Excegs 
the lower end, aa at C, the com- Erbssckb 4t Vai-vk. Idhal case. 
pressive pha^e will not begin 

until the wave has travelled from A up to G, and that it will 
continue only during the time required for the wave to travel from 
C to the upper end B uid letum to C. 
In geueri^ let 

£=length of line. 

x=distance to any point from lower end. 
5=velocity of propagation of acoustic wave. 
Then 

xlS—tirae interval after closure to beginning of com- 
pression. 
2 (i— a:) /iS'= duration of period of compression. 

x/iS— time interval from close of period of compression 
to end of cycle. 
Similar expressions will hold for the phases of dilatation. 
For a point near the lower end, or where x is small, the piessuie 



diagram will therefore be similar to Fig. 38, while for a point near 
the upper end, or where x is lai^, it will be similar to 39(a), and 
for the upper end itself it will be similar to 39(6). 

These various diagrams may be represented as a system by the 
solid diagram suggested in Mg. 40. FOHJ represents a reference 
I^uie oorresptmding to normal preBsore. .^ is a wedge lying on 
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the upper side of the plane and C a similar wedge lying on the under 
side of the plane. The trianj^es D, B and E are parts of the plane. 
The lower edge FJ corresponds to the lower end of the pipe, the 
upper edge GH to the upper end, and any intermediate cutting plane 
1 1, 22, etc., to a point cGstant x from the lower end. Then any such 



X 



¥ 



plane 11, 22 or 33 will cut from such a model a section, the out- 
line of which will give the diagram of pressure for the corresponding 
point in the pipe Une. 

We have now to show that the drop m pressure in the condition 
A^B^, (Pig. 35), will equal the rise in pressure for AjBi- 

Consider the kinetic energy of the moving column in A^^ 
Denote this hy E. This is stored as potential energy at A^B^. This 




is again transformed into kinetic energy at A^^, and the latter 
will therefore equal E in amount though reversed in direction. 
This same energy E is again rendered potential at A^^ against 
the forces of gravi^, which produce the normal condition of pres- 
Bure at A^^ or A^^. This means a reduction of the total potential 
energy of compression by the amount E. Relative to the total 
normal potenticd energy of compression at ^qBq or Afi^, the con- 
dition at A^B^ implies therefore an excess measured by E and the 
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oondition at A^^ a decrease likewise meaeured by E. This will 
obviously imply equal changes of pressure above and below tbe 
nonnal. 

It must be undeietood that thia dmide relation can only bold 
under the condition that the reduction of pressure is not greater 
than the original steady motion pressure. A liquid will not admit 
of the development of a tension, and after tbe pressure is reduced 
to any further tendency in tbe column A^f, for example, would 
imply a break and tbe entry of discontinuous conditions. 

Thus near tbe upper end of a penstock line where, for escample, 
tbe steady motion pressure is 30 lb. absolute, if a sudden c^ut 
down produces first an increment of pressure meaaured by 601b., 
then the pressure at the given point will rise to 801b. abe., but 
cannot drop below abs. There will, however, in such case be 
developed a tendency for the water to separate and leave the 
upper end of tlie pipe producing discontinuity and turbulence as 
the manifestation of the remainder of the energy which cannot 
be absorbed by the development of a tensional stress. 



26. Modifications in Physical Conditions Necessary 
TO Allow for Elasticity of Pipe, for Friction 
and for the Head due to Velocity 

So far as the more complete physical jacture is concerned, we 
must consider that the water and the pipe form together mi elastic 
system, and that the arrest of the former will result in a com- 
pression of the water and an extension or dilatation of the pipe. 
Likewise with reduction of pressure tbe water will expand and 
the pipe contract. The water and the pipe therefore enter con- 
jointly into all interchanges and transformations of energy between 
the kinetic and the potential forms. With these facts in mind the 
changes in the physical picture necessary to allow for the elasticity 
of the pipe will be readily made. The mathematical development 
will be found in Sec. 27. 

RegE»ding the pressure history, as affected by friction, let AB 
(Fig, 41) denote the line, NN the staticlevel and iCi the hydraulic 
gralde for steady flow. Then, a£ we have seen in Sec. 14, the (Stances 
from AB to KL denote the values of the pressure head at points 
along the line. 

If now any portion of the Une, as a differential element in length, 
is brought suddenly to rest, the kinetic energy will be suddenly 
transformed into potential energy of compression which wSl 
manifest itseU as an excess pressure, additive to the pressure 
already in evidence at the given point. 

But the velocity is uniform throughout the length of the line 
{AB uniform in section) and hence the kinetic energy per element 
of length is imiform. Hone? at each point in tbe line t^e elementary 
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scoession of energy in the compresBion form, due to sudden arrest, 
will be uniform and the correaponding pressure will be represented 
by Bome he^ht such ae LD. 

The line CD parallel to KL will therefore mark the limits of 
preeaure re&ched at successiTe points in the line at the instant of 
arrest of the coFiesponding elements of flow, or otherwise at the 
instant when the wave of compression, stuiiing from B, reaches the 
point in question. 

If, then, the pressure condition thus realized would remwn tn 
ataiu quo during the traverse of the comin^SBion wave front to the 
upper end of the line A, we should have, at the end of the com- 
pression phase, the entire line at rest, in a state of compression and 
with a pressure gradient CD. 

This excess pressure head gradient CD, however, is not a gradient 
of equilibrium, and in consequence the pressure conditions realized 




at the instant of arrest will, during the remainder of the com- 
pression phase, be subject to further change. 

Thus suppose for the moment that with the wave at E and say 
half the line under compression, the excess pressure head gradient 
were fD. 

Then it may be readily seen that the water in the line between E 
and B, at rest and under gravity, will not be in equilibrium under 
a total pressure head distributed according to the gradient FD. 
There will be a tendency for pressure energy to flow from high to 
low or from F toward D and thus to seek a level of uniform head. 

It is of interest to note that the problem of energy flow thus 
arising is very similar to that presented by the flow of heat along a 
bar under corresponding specifled temperature conditions. 

The initial value of the pressure head is always on the line GD so 
that at the end of the compression phase the pressure gradient 
must end at C. The remainder of the gradient wiU, however, differ 
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from CD as a result of energy propagation, the part toward D being 
raised and flattened in the approach toward a uniform level, while 
that nearer C will fall below CD as a result of losses of energy 
exceeding gains. At the instant when the compression wave front 
reaches A we shall have then, the original kinetic energy repre- 
sented under the following items : 

(a) Compression energy manifested as pressure and distributed 
according to the instantaneous condition resulting from its 
generation and propagation as noted above. 
(6) A residual amount of energy in the kinetic form and involved 
in the movements connected with energy propagation. 
That is, so long as the total head is not imiform, so long 
will there be energy propagation involving molecular move- 
ment and hence kmetic energy. 

This propagation of compression energy and apin^ach toward 
uniform distribution will, of course, coutinuo during the return of 
the wave up to the point when the front of the wave of recovery 
reaches the point in question ; that is during the entire compressive 
phase. The extent of the unloading or recovery will furthermore 
depend, at each point, entirely upon the difiFerence between the 
pressure necessary for the unloaded phase and the pressure in the 
compression phase at that particular point. 

But the pressure in the unloaded phase (6, Mg. 36) will depend 
in a complex manner on the influence due to friction in the establish- 
ment of the reverse flow (3 to 6, Rg. 36). Thus in Fig. 41 the 
pressure head at A or AK must remain unchanged whether the flow 
is direct or reverse. Hence with a reverse flow established we shall 
have a disappearance of the excess pressure head CD with a flow 
head represented by some gradient Ime such as MK. 

Now the kinetic energy of reverse flow is simply the expression in 
kinetic form, of the excess compression energy. Hence at each point 
the velocity generated will be determined by the compression 
energy in excess and thus available for transformation into the 
kinetic form. But this will vary from point to point as determined 
by the difieience between the excess pressure head at the given 
point and the pressure head required to maintain the flow against 
friction. To a first approximation, these varying amounts of 
compression enei^ would be represented by the intercepts between 
CD and KM. There will be, therefore, a tendency to develop, at 
each point in the line AB, a different velocity, v the initial value at 
A and gradually less and less as the available compression energy is 
leas due to the growing demands for friction. But continuous flow 
means uniform velocity, and hence any tendency to develop varying 
velocities along the liiie will in itself tend to set up a secondary 
series of waves which will themselves be subject to propagation in 
the usual manner. 

The net result of this complicated series of actions and reactions 
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will be, at the end of the unloading phase (6, Fig. 36) a distribution 
(rf the total energy available under the forms : 

(a) Kinetic energy of motion in the reverse direction or from 

B to A, and representing a resultant or group velocity 
somewhat less than the initial velocity v. 

(b) Compression energy, due to the existing complex state of 

motion, distributed idong the line and unavailable for 
'a the kinetic form. 



A I g^^^^^r^ 



(c) Compression energy as required, transformed into the work 
done agcdnst friction in setting up the reverse flow, and the 
expression of which will be a reverse flow pressure gradient, 
something Uke KM. 

The time history of the pressure at any given point will evidently 
partake of all these complexities of pressure generation and energy 



M 



^U 



propagation. Aside from secondary effects due to energy propaga- 
tion, the time history would be somewhat as in Figs. 42, 43, 44. 
Using these diagrams as a first approximation we may gain some 
general idea of the character of history to be expected. Thus in 
Kg. 42 referring to conditions at the valve, let XX denote the 
staticlevel, ^fi the level for velocity head and CD the running level, 
including friction head. Then pressure would start from D and on 
arrest of movement rise to E & distance DE meastuing the excees 
pressure due to arrest. The further history would then consist of 
alternate levels ^J", if/, etc. .equidistant from JEi and denoting the 
levels reached at the successive instants when the energy ie all in the 
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potential form (3, 9, Fig. 36). With propagation, however, the 
line EF will actually lise according to some complex law and the 
rotom wave will reach not quite down to H, following which will 
be a sUght down elope resulting again from energy propagation. 
The history would thus show, for the extreme pressures, a series 
of lines slightly sloping away from XX and at distuices from XX 
gradually decreasing with time. 

Similarly, to a first approximation, at points in the line as 
indicated in Figs. 43, 44, the levels EF and IJ, expressing the 
prrasure when all in the potential form (3 or 9, Fig. 36) would lie 
equidistant from the static level XX, while the levels OH and KL 
expressing the pressure when the energy is kinetic would lie at equal 
distances above and below the velocity head line AB. 

In comparison with this incomplete ideal, the actual history 
would show sloping lines for EF and IJ, at gradually decreasing 



distances from XX and lines OH and KL neai'ly horizontal and at 
nearly equal distances from a velocity head line AB which itself 
will gradually approach XX. 

It is thus seen that as the ultimate result of the influence due 
to friction, an exceedingly complex condition develops and the 
discussion of this particular phase of the problem in further detail 
is quite beyond the scope of the present work. The magnitude of 
these secondary elements can scarcely be determined by direct 
mathematical means, and the results derived by such direct methods 
must always be understood as representing a first approximation 
to actual conditions, more and more nearly accurate as the friction 
head is less and less significant aa a factor in the problem. 

27. Velocity of Propagation of Acoustic Wave 

The well-known formulae of physics give for the velocity of sm 
acoustic wave in an elastic medium the equation : 

.=yf <>. 

where iS— velocity (fa). 
(/^gravity. 

K^coef. (k elasticity (pf2), 
w^density (pf3). 
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In the case of water in a pipe line, however, we do not have the 
simple case of a single medium. We must include the influence of 
the steel shell forming the envelope of the water, and the problem 
becomes therefore that of finding the velocity of the wave in a core 
of elastic water surrounded by an elaetic metal shell. 
I- Let us in the first place consider the latter. In the case of an 
excess internal pressure q it may be subject to excess stress in two 
directions, longitudinal and mrcumferential, measured as follows : 

' H (2) 

where 7'i=stress in longitudinal direction (pi2). 

2',=8tre88 in circumferential direction (pi2). 
9— excess pressure (pi2). 
r=radius (i). 
(^thickness (i). 
Poisson'e investigations show that in the case of a plate stressed 
in two directions a,t right angles, the relative stretches (strains) are 
expressed in the form : 

x~ E affi I ,.(3) 

y E aE } 
where x and y denote the original lengths in the two directions, dx 
Mid dy the corresponding extensions, T^ and T.^ the corresponding 
stresses, E the coefficient of elasticity and a a factor known as 
Poisson's coefficient. 

Applying to the present case we may take x longitudinal and y 
circumferential. Then %/y=d{2wr)/2w=(fr/r, and from the above 
formula we have 

dx_ qr 9»" "i 

'x~^~~^ I (4) 

dr_ qr qr f 
T~W~2atE) 
Again let S denote the cubical coefficient of elasticity for water. 
Then by definition of the meaning of this term we have 

f=i <^' 

where F=original volume. 

<fT'= diminution of volume. 
2— excess pressure. 
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Applying this to the original volume of water in a length of pipe 
X we have 

dV (water)=^«r'3:(compreesioii). 

Again for the pipe, as a, restilt of the excess pressure q and the 
resulting excess stresses, longitudinal and ciicmnfeieotial, the new 
length and new radius will become x-\-dx and r-\-dr respectively. 
The new volume will then he 

(7+dV)={x+dx)it(r+dr)\ 
The original volume was 

V=xmK 
Subtracting we find, after neglecting differential terms of the 
second and third orders, 

dV {fapt>)=2itrxdr-^ifr^dx (expansion). 
Substituting for the vdues of dr and dx from (4) we find after 
simple reduction of form : 

iF(iape)=«-%/^\ /s-^Vexpansion) (6) 

The total relative change of volume between the water and the 
pipe will then be measured by the compression of the former plus 
the expansion of the latter. 

Calling dV such total relative change we have 



dV= 


-"^[l+^(^- 


-=)] 


But 70-%= 


V the original volume. 


Hence 


^-^=i+4(- 


-0- 



•(') 



.(8) 



We must now consider that the elastic compression of the water 
plus the elastic extension of the shell combine to give to the system 
a virtual coefficient of elasticity which we may denote by J, We 
may otherwise consider this change (2 F as an apparent or virtual 
change in volume, as evidenced by the shortening up of the total 
column of water, a part of such shortening being due to compression 
of the water and a part to the extension of the pipe. In any case we 
relate such virtual change in volume to a virtual coefficient of 
elasticity J for the system composed of water and pipe. 

We shall then have by definition, as in (5) : 
dV q 

T~J 

or from (8) 2_2 ,^/=_A 
J^K'^2tE\ a) 

- j4+2i(^-*) ■ (^*» 
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(II) 



For steel plates we may take o=3-6, giving : 
11 l-944r 

J^'K'^ tE 

We sball then have for the combination of water and pipe, and 
simiW to equation (1), 

'9J 






.(12) 



For numerical values in equation (11) we may conveniently take 
the pound and foot as units, and hence K and E will be measured 
in poimds per square foot. 

This gives ^=43,200,000. 

^=4,032,000,000. 

The resulting value of J substituted in (12) will then determine 
the velocity of propagation of the aeoustic wave along the pipe 
hne. If the pipe line were absolutely rigid, the value of J would 
equal K and the velocity S would be that for water alone, or about 
4700 fs. Due to the influence of the elastic shell, J is always less 
than ,K, and S is less than the value for water. Values of S for 
va^ouB values of rjt are given in Table XXIV. 





TABLE XXIV 


9 per 


r/i 


S(fB) 


unit . (pi2) 


10 


4293 


67-84 


16 


4119 


65-50 


20 


3964 


63-41 


26 


3827 


61-56 


30 


3702 


49-88 


36 


3588 


48-35 


40 


3486 


46-96 


45 


3390 


46-68 


60 


3302 


44-49 


56 


3221 


43-40 


80 


3146 


42-39 


66 


3076 


41-45 


70 


3010 


40-56 


76 


2948 


39-72 


80 


2890 


38-94 


85 


2835 


38-20 


90 


2783 


37-50 


96 


2734 


36-84 


100 


2688 


36-22 


106 


2643 


36-61 


110 


2600 


36-03 


115 


2661 


34-61 


120 


2622 


33-98 
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gper 

r/f B {!b) unit e (pi2) 

126 2486 33-48 

130 2460 33-01 

135 2417 32-68 

140 2384 32-12 

145 2353 31-70 

150 2323 31-20 

Iron or Steel Pijie, Values of velocity of acoustic wave S and of 
pressure q developed per onit of velocity quenohed. 
(r/t=ratio of radius to thioknees.) 



28. Excess Pressure Developed 

We may now proceed to determine the excess pressure in the 

pipe as a result of complete luid instantaneous closure of the valve. 

The kinetto energy of a cubic foot of water moving with velocity 



When the water comes momentuily to rest in the condition 1 
(Fig. 35], this enei^ must ezist in potential form represented by 
the work done in compressing the water and in ezten<£ng the pipe. 
As we have seen above, this will be equivalent to the production 
of a change of volume dV in a system of virtw^ oubical coefficient 
of elasticity J. 

Then as in (5) : 

dr_g 
V J 
JdV 
or «=-p- 

The value of q during such compreeaion will vary from to the 
full value, and the mean will be one-half the above or JdVjiV. 
The work done will be measured by mean pressure x change in 
volume. Hence 

W».=|.F=^-fI'=g ,.3, 

Hsnce we ehsU have for one cubio foot of water 






(") 
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Combining (14) with (12) we find 

«-'!f^'(pf2) (15) 

" ■'=m°^^^ '"" 

Let h denote the head corresponding to pressure q. Then we have 

»=«=«!L.(f, (17, 

The latio Sjg recurs bo frequently in the further discussion of 
these problems that it will be convenient to rejnesent it by a single 
symbol. To this end put 



With this notation (17) becomes 

h=aVo (18) 

By a different mode of combimng (11) and (12) so as to eliminate 
wig we also find *, j 
' S=¥(pi2) (18) 






*=dff(') (21) 



Since S is commonly found between 3000 and 4000, it follows that 
the value of q will commonly rai^ from 40 to 54 (pi2), or the value 
. of h from about 90 to 126 feet, per foot second of velocity arrested 
by instantaneous closure. 

Where the ppe line is of varying diameter and of varying thick- 
ness of metal, the theoretical investigation in any precise manner 
becomes too complicated to serve practical purposes. Average 
values may, however, be usually taken in such manner as to serve 
practical requirements. 

29. Water Ram with Rapid Complete Closure 

We have thus far assumed the closure complete and instan- 
taneous. Suppose next that it occupies a certain time interval T, 
and that the time history of the retardation produced at the valve 
is given by the curve of Fig. 45. 

Any ordinate AO of this curve is then a measiu^ of the retarda- 
tion or rate of velocity change produced at the corresponding 
inetaat t. Also the area OAC wUl be proportional to the tott^ 
change in velocity during time (, and the total area OAB will be 
likewise proportional to the total velocity Vg, which, at the end of 
time T, is reduced to 0. Under these conditions there will be 
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initiated a>t the lower end of the pipe a ocKitinuoufl seriea of pressoie 
waves, each lepieaenting an element of velocity chuige and each 
added to the one preceding, thus gradually building up the pressure 
at the valve as the sum of these elements, each of which will be 
proportional to an ordinate of the curve OAB. That is, the excess 
pressure at the valve will continaonsly increase by the addition 
of successive elements, each due to a retardation acting through 
an element of time and producing an element of velocity change. 
At any instuit during the period of closure the total preesure at 
the valve will then be the result of a summation of all these ele- 
mentsj developed from the beginning of the movement np to the 




Fia. 46. — TnfB Hiaxoav or dv/dt axd v. 

given instant of time, and this will ctwreapond to the total change 
in velocity produced, that is, to an area snch as OAC. 

These facts stated in a physical sense mojf be established tmalyt- 
ically as follows : 

We have first to find the element of i^essnie at the valve due 
to a retardation dvjdt oontinning through an element of time dt. 
The result is, of course, a reduction of the velocity » by the amount 
dv in time dt. 

The distance covered by the wave in time dt will be 8dt. That 
iB, a length of water column 8dt will, in time dt, be retarded by the 
amount of velocity change dv. Let .^=cro8S section area and 
w=density. Then the mass subject to this retardation is wASdtjg. 

The force required is measured by the product of mass by re- 
tardation. Let dQ denote such force. Then we have 

^'f%^ (22) 

This will appear as an excess preesure at the valve, dlstiibnted 
over the cross section area of the column. Let dq denote the cotie- 
sponding unit pressure. Then 

dq='^^8dt (23) 

or dg=- 8dv (24) 

or again, dh=~=- dv=adv (26) 
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In (24) or (25) the only varitible term is the velocity change dr. 
This equation shows that the element of ezcees preesiire dq is 
determined by the constant factors characteristio of the case and 
by the velocity change dv. More specifically it shows that it is 
independent of the time element dt. This somewhat surprising 
result is due, as is shown by the form of equation (23), to the fact 
that the expression for the pressure element dq contains two variaUe 
factors, one proportional to the acceleration and the other to the 
quantity of water involved. The first of these, expressed by dv/dt 
carries the time element in the denominatot, while the other, 
rejn^sented by 8dt, carries the time element in the numerator. 
la the product the time element disappears, leaving the preeeure 
element dependent solely on the velocity chsjige dv. Or otherwise 
if the rate of valve closure is increased, for instance, the retardation 
will also be increased, but the time occupied and the quantity of 
water involved will be correspondingly decreased, ^us if the 
closure is effected in one-half the time the acceleration will be 
doubled and the quantity of water halved, and thus the product 
will remain the same. 

The effect produced by each successive value of the retardation, 
as indicated by a curve such as OAB, will be entirely similar in form, 
each proportional to the element of velocity change dv, and there- 
fore for the entire curve we shall have the sum of a sraies 
of elements, each similar in form to (24). 

Summing these we have 

q=^!^^=- 8{v^-v)=aw{v„—v) (26) 

aad h=ajv=a{v^—v) .- (27) 

The expression (v,)— v) or An for the velocity change occiu^ so 
frequently in the further discussion of these problems that we shall 
findit a convenience to represent it by a single term. Tothisendput 
(v^-v)=a (28) 

In this sense a always means the aggregate change in velocity 
starting from the initial velocity v^. 

With this notation (27) becomes 

ft=<M (29) 

Equation (27) is general and apphes either to parti^ or complete 
closure. In the latter case fl=i»o *nd h=aOg as in (18). 

It thus appears that the excess pressure at the valve will be 
dependent solely on the change of velocity produced and indepen- 
jlent of the time required to realize such cbajige. 

It is ^so noted, by comparison with (18), that this value of A is 
the same as for instantaneous closure. 

The independence of the excess pressure on the time of valve 
movement is, however, only realized within suitable limits as to 
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length of line and tiine of Talve moTenitot,-«^|vi^:t><('slio4fiiM ^, 
later prant. ••■ . ■ 

Betotning now to the vmiohs presenre waves formed at the valve, 
it is seen that they will ail travel with the velocity S, adding them- 
selves to the previooB value of the pressure, so that when the wave 
corresponding to any ordinate (as AC, Fig. 45) has reached any 
point in the line, the pressure at such point will equal that at the 
valve when the given wave started. 

Let the broken line ODBF denote the integral curve of OAB. 
That ie, a curve auch that the ordinate at any point, as CD, is 
proportional to the area OAC and aimilarly for all other points. 
Then any ordinate aa CD will represent the total velocity change 
from the origin up to time t, while the ordinate BF will represent 
the total velocity Vg. This curve, measuring from OB, will then give 
the time history of the velocity change ; while measuring from 
GF to the cnrve, we shall have the time history of the velocity itself 
as it gradually falls from Vg to 0. 

But as we have seen, the pressure at the valve is proportional 
to the total change in velocity and hence to the ordinates of the 
curve ODBF. In other words, this curve will give a time history 
of the growth in excess pressure at the valve. 

Again, due to the wave propagation, as noted ahove, it will he 
clear that at any instant t, the first wave (correepondiag to t=0 
at the valve), will have reached a distance x=St, and the pressure 
condition w^ correspond thereto. The wave corresponding to 
the ordinate AC will just be leaving the valve, and the pressure 
there will be represented by DC. At intermediate points along the 
line, between the valve twid the point x=St, the pressure condition 
will be represented by the successive ordinates of the curve OD. 
In other words, OD is a space history of the pressure distribution 
along the line between the given point and the valve. 

Similarly the entire'curve ODEF will give the time history of 
the excess presBuie at the valve, progressing with the time from 
at the beginning of the movement to BF at the close, and covering 
the total time of valve movement T. Likewise the same curve will 
give for this instant (at the end of T) the apace distribution or history 
of the pressure along the line, represented by BO, the valve being 
at B with the pressure BF, and the farthest point reached, distMit 
x—ST, being at with pressure zero. 

It follows further that at any point x=jS* the time history of the 
pressure will be the same as at the valve, but retarded by a time 
interval t. 

These various conclusions assume, of course, no disturbance in 
the conditions, due to reflection from the upper end of the line. 
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• "da'WATEHTrAM WITH Rapid Partial Closure 

For simi^dty of treatment, the disousBion thus fat has aeeumed 
comrilete closure. 

Tn© treatment of Sec. 29 embodiee, however, the more general 
case as shown by eqaations (26), (27). 

In the variouB formulie for complete cloBure we have in any case 
only to subelitute for Wq, the velocity of flow, the change in vdocity 
expressed by (t>o— t))=-J«=«. 

Thus for any change from v^ to v, whether instantaneous or 
gradual (so long as the conditions of Seo. 31 are fulfilled) the values 
of g and ft are as given in (20), (27). 

The generality of these results traces back to (24), (26) which will 
have the same form whether the closure is partial or complete. In 
anycasethe value of the integral of (2tj is Jv=a, the velocity arrested, 
complete or partial as the caee may be. 

Hence in one ca«e this integral will have the value v,, and in the 
other {Vo—v)=Av=8. 

31. Conditions for . Realization of Assumptions of 
SECS. 25-30 

Reference has been made to the conditions under which the 
resulte of Sees. 26-30 may be realized. From the preceding discus- 
sion it will be dear that at the valve the pressure will continue to 
increase according to a time history as given by some curve such as 
ODBF (Fig. 45), unless interfered with by reflection from the upper 
end of the line as discussed in Sec. 26. Let £=lengtfa of line and 
J'=time of valve movement. Then if L—ST it is clear that the first 
impulse to leave the valve will just reach the upper end of the line at 
the end of the period, and the entire history of the growth in 
pressure at the valve wUl be sjaead out along the length of the pipe. 
If the length L is leas than ST the first impulses to leave the valve 
will have started back, as a reverse or partial unloading of the 
pressure, before the close of the period T. If X is only slightly less 
than ST the upper end of the line only will be affected by this 
unloading and the lower end, and especially at the valve, will show 
the same condition as in the case when L=^ST. If L=STj2 or 
T=2Lj8 the return from the upper end will just reach the vatve at 
the dose of the period. For a shorter value of Z or a longer value of 
T there will be a certain amount of unloading and reflection at the 
valve, depending on the circumstances of the case. 

Broadly speaUng, then, the values : 

i=:sa"/2 

or T=2LjS 
furnish the critical conditions regarding the pressure at the valve. 
For ooavenience of notation let us repres^it the time 2LIS by the 
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symbol z. Tlien if 7* is less than z the conditions aasumed in 
Seos. 29, 30 viU be realized at the valve and the presBnie vill be the 
same as for instiuitaiieotis valve movement. If T is greater than z 
there will be a certain amomit of unloluling and, reflection at the 
valve and formulie (18), (29) no longer apply. 

If T lies between z/2 and z there wiU be a length of the line 
meamired from the upper end, which will undergo pt^tial unloading 
before the cloee of the valve movement — a length less and less as 
T approaches z/2. ^'i 

The condition of preaBore reeulting from values of T greater than 
z/2 and involvdng reSoction back and forth from the ends of the line 
will be considered in later paragraphs. 



32. Derivation by Different Methods of Certain of 

THE PRECEDINQ FORMULAE FOR EXCESS PRESSURE 

The subject of shock or water hammer in pipe lines is of so great 
general importance that it may be well to derive certain of the 
preceding results in a somewhat different manner. 

Consider first instantaneous full closure. Then holding in mind 
the total column of water of length L we find, after it has been 
brought to rest in the compressed state 1 (Fig. 35), that it has 
shortened up a certain amount. This is due, as we have seen, 
partly to the actual oomjcession of the water and partly to the 
extension of the pipe. 

r> The shortening up of the column is measured by the distance 
traversed in time t=LjS by what may be termed the upper end of 
the water column with cross section A moving with velocity Vq. 
The distance moved is v^jS and the total apparent change in 
volume is Av^LfS. 

If then J represents the virtutd cubical coefficient of elasticity as 
defined in (9) we have as before : 
JF_5 
V J 

AV 
or q=^J (30) 

But AV iB the total appar^it decrease in volume noted above. 



AV= 



_ Av^ 
3 
But ^i=total volume^ V and hence 



and from (30) «-/ . ,, _, 
'y=Jl aBm(19). 
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But from the lav of TpnypagB/tioa for an aooustio wave ^ 
from (12) 



Again assume partial instantaneous closure reducing tlie Telocity 
from t>o to Vj. llien during the time t required for the compreBsiye 
vave to travel the length of the line L, we shall have a discharge at 
the lower end under Telocity v^ and a volume dischaiged Avjt. 
likewise at the upper end we must oonmder the water flowing in 
under a velocity v^ until the lapse of time t=LjS when the com- 
presdve wave will reach the upper end and the entire column for 
the moment will be in a state of compression and moving with 
velocity v^. The total volume of inflow will then be meaenred by 
AvJ. The difference between the inflow at the. upper end and out- 
flow at the lower wiU measure the apparent change in volume due to 
water compression and pipe extension. Hence we sh(^ have 



4F=^y5s=a)£ ,31) 

We have again the fundamental relation : 

F J 

AV J 
or q=yJ- 

But AL= F and from (31) we have 

-^= ° ' , and hence from (9) 



which is the generalized form of (19). 
Again substituting for J as in (12) we find 

Again consider the work energy relation. The volume of the pipe 
will be AL and the original energy wALv^j^g. After time LfS this 
energy will be represented by the following items : 

1. The kinetic energy of the water in the pipe moving with 

velocity % and measured by wALVi^/2g. 

2. The work done in forcing out at the lower end the volume of 

water Av^LjS under the excess pressure q. This will be 
measured by qAvjLjS. 
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3. The work done in prodacing the apparent change of T<dame 
AV=A{v^-~Vi)Ll8. This will be meaBnied by 
qA(v^-Vi)Ll2S. See eqnation (13). 
We may then write a work energy eqttation ; 

Combining and reducing we find 

q= — i-5 — ii as in (26), 

33. Water Ram in Pipe Lines When Lower End of 
Pipe is Held Rigid 

The fonnnlse and methods ol Sees. 2S-30 assume that the lower 
end o£ the pipe is free to move longitudinally. Only on this assump- 
tion can longitudinal streM be developed in accordance with 
equation (2) and only on this assumption will the virtual coefficient 
of elasticity J have the value as given in equation (10). 

If we now assume the lower end of the pipe rigidly fixed, then 

dx=0 tuid we have as the only change in the (hmensions of the pipe 

dr_pr 

Following this value through with exactly the same method as in 
Sec. 27, we find 

dF_p_p ■ 2pr 

1 1, 2r 

Comparing this with (11) we find it the same except for the 
coefficient 2 as compared with 1-944. 

Kefening to equation (3), it is seen that the presence of a stress 
(and its resulting strain) at right angles to a given stress will reduce 
the strain or extension which the latter stress would by itself 
produce. The circumferential stretch due to a given internal 
pressure will then be less than if the circumferential stress existed 
alone and not in conjunction with the longitudinal stress. With the 
latter eliminated, as in the case of a pipe with the end rigid, the 
circumferential stretch will therefore be larger than with the two 
stresses coexisting and, as the equation shows, the total extension in 
volume is practically the same in the one case as in the other. In 
fact so far as the equations apply and with the value of Foisson's 
modulus assumed for steel, it appears that the volume expansion of 
the pipe is slightly greater with the lower end rigid than when free. 
Practic^y the diff^^nce is not significant. 

We may thwvftve conclude that whether the lower end of the 
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pipe is rigid or £ree the total volume expansion under an excess 
presBuie p will be substantially the same, and therefore the equations 
of Sees. 27-30 for J and for the excess pressure resulting from a 
sadden quenching of velocity may be practically employed indepen- 
dent of the degree of constraint of the lower end of the pipe. 

34. Rapid Opening from complete closure 

In the case of a t&pid or practically instantaneous opening of the 
valve froni complete closure, the case comes under the general 
method of treatment of Sees. 26-30. A similar system of acoustic 
waves will be formed, beginning with a wave of expansion or drop of 
pressure, and followed by excess and defect in alternation, as 
discussed in Sec. 26. The amplitude of these pressure waves will, 
however, not be the same as for the case of sudden closure. If the 
opening is instantaneous, the pressure at the valve will be reduced 
from the totai static head beldnd the valve to the pressure on the 



Actually the valve cannot be opened instantaneously and the 
drop in pressure will be somewhat less than this amount. Let q 
denote the pressure drop and v the velocity of the water movement in 
the wave toward the valve. Then there will subsist between q and v 
for pressure drop and velocity generated the same relation as in 
Sec. 28 for pressure rise and velocity quenched, and we shall have 
for the velocity of the water forming the wave toward the valve 
the value. 



v-q ^ ^-l; B«, {U) m <32) 



Where h now denotes the head due to pressure drop. 

This wave will be propagated toward the upper end of the line 
with a velocity iS as in Sec. 26. In case the gradient of the pipe is 
such that at all points the absolute statical pressure is greater 
than q, then during the passage of the wave the pressure will at all 
points remain positive and the wave will reach the upper end with its 
ampUtude or pressure drop practically unchanged. At this instant 
the entire column of water is moving toward the valve with the 
velocity v and with a pressure q below the normal value. At the 
inlet, however, the pressure must remain normid and refieotion at 
this point will result in the propagation toward the valve of a wave 
of normal pressure and with a water velocity v relative to the 
expanded part or 2v relative to the pipe. This will in turn be 
reflected at the valve under conditions representing a change in 
velocity between 2v and the existing velocity at the valve. If there 
are no disturbing conditions, and especially if effective reflection 
from the partly open valve could be realized, then the result would 
be an excess pressure wave q propagated up the line ; and thus the 
series of pressure drop and pressure excess woul«I alternate, forming 
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a general pressure "bistory aioulaar to the case for doBore as disonseed 
in Sec. 25. 

In the actual case, however, diBtnrbing conditions may enter, luid 
in any event the reflection bora a partly open valve is imperfect. 
The conditions contemplated in the phyrical piotnie are not there- 
fore completely realized, tuid the exoesB pressure is usually con- 
siderably leas than the pressure drop and the series of alternations 
of pressure above and below normal rapidly damps out to a negligible 
amount. 

Again, if due to the gradient of the line there should be a pcHnt 
where the pressure drop would render the pressure zero or negative, 
then there will result a diacontinuity in the physical conditions of the 
problem and the ware will travel on to the inlet with a greatly 
reduced ampHtude. The reflected wave will then represent a much 
reduced velocity and the series of pressure flactoations will dampen 
out very rapidly. 

Under certain conditions of discontinuity with a rapdly opened 
valve, the return pressure may not even pass the norm^ static value, 
or indeed it may not even reach such value, tiie return from the 
initial pressure drop gradually flattening out to the pressure value 
with friction bead under final steady conditions. 

Broadly speaking, the initial pressure drop wiD vary directly with 
the degree of initial opening. With full opening from closure the 
drop ^^ reach nearly down to the pressure on the dischu^ge side of 
the valve. With only partial opening, the initial drop will be 
reduced. 

The further anal}rtical devdopment with discussion of this case 
will be found in Sees. 41, 12, as a specif case of the general problem 
of valve opening. 

36. Rapid Opening from Partial Initial Opening 

The general phenomena attendant on such cases are broadly 
similar to the case of opening from initial closure, with a closer 
and closer approach as the initial opening is less. With increaae in 
the initial opening there is a rapid decrease in the initial pressure 
drop and a decrease in the v^ue of the return excess pressure 
wave, and a rapid approach toward the condition of dead beat 
return from the initio drop to the final steady flow pressure value. 

The analytical treatment of this caae will be found in Sec. 41 
as a special case of the general |soblem of valve opening. 



36. Law of Increase of Pressure with Time, Valve 
Closure 

The equations developed in Bees. 28-30 give the maximum or 
ultimate value of the pressure reached, but do not furnish any 
indication of the time lustory of the gnrnth of such pressure. 
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These equations apply at the valve bo long as the time of vaJve 
movemeat T is not longer than z^ZL/S, and throaghout the pipe 
so long as 7* ia not greater than zj2=Lj8. 

The excess presBnie will clearly depend, among other things, 
on the rate of closure of the valve. The usual assiunption in this 
oonneotion is of uniform closure ; that is, of a uniform rate of 
deorease of valve opening. 

Independent of any such assumption regarding the rate of valve 
closore, however, bot ossmmng T not greater than 2Lj8 we may 
investigate the law of pressure change as follows : 
Let ^=croee section area of pipe. 
a=area of valve opening. 
S^velocity of acoustic wave. 
M=veloeity through valve. 
i'i,=originaI value of v. 
/—coefficient of efflux through valve. 
h=qjw==ox.c%B6 pressure head. 
Put m^ajA. 
We have then three equations aa follows : 



,.{33) 



This expresses the continuity of flow tjong the pipe and through 
the valve. 

&=a(Wo— i;)=as (34) 

This expresses, in accordance with (27), the excess head developed 
at the valve corresponding to any reduction of velocity {v^^—v), and 
hence the excess head at the valve at the instant when the pipe line 
velocity is v. 



-f^B+h-^y (36) 



This expresses the value of the head on the discht^ge side of 
the valve, u'/2j;, transformed under efficiency / from the total net 
head on the upper side of the valve, made up of the original head H 
plus the excess pressure head h, minus the friction head Lv^jCh' 
(see Chap. I (44)). 

Putting (35) all in terms of u and transforming we have 



Mu*=a+h (36) 



* In this expression, the term Ay (see Chap. 1(44)), represeatin^thedifier- 
enoe in the external pceseure st the two enda of the line, is omitted. This 
does not involve any lack of generality in the present treatment. In any of 
the aubaequent equations of the present chapter, wherever H occurs, H + t.y 
may be substituted for it, if dy has a value tither than 0, thus giving fuU 
generality ol treatment in this Tetf)ect, 
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If then between (33), (34) tuid (36) we eUminate u and v and 
rednoe the equation in A we have 



'^*-2(-o+f-^)A+W-2H^*=0. 



Put 



_(am)» 
' 2M 

Then (37) takes the form 

h'-2lE+F)k+E'-2FH=0 (38) 

Solving this as a quadratic in h we have 

h=[E+F)—y/F*+iF(H+E) (39) 

When in=mo we find E*=2FH, and A in (39) leduoes to h=0 
ae it Bhoold. 

When m=0, F=0 and h reduoes to ovq i» it should. 

If then we take a series of values of m from m, to and corre- 
sponding to valve movement £rom Btart to full cloeure, we may, 
with the known hydrauhc oboiacteristics of the case, find the values 
of E and F and hence of h. 

We may then find a from (34), thence v and u if desiied from (33). 

The time history of the pressure head h and the velocity v is 
shown for four typioaJ oases in Fig. 48. 

In a the value of h remains negUgihly small during the early part 
of the movement, only beginning to rise at the very last, and then 
jumping with great rapidity to its TtiaTiniiim value at the instant 
of complete closure. 

In b the rise is slow at first tmd then more rapid, but in less pro- 
nounced degree than in the case of a. 

In the curve is of the same general character, but more neraly 
approaches a uniform rate of pressure rise. 

In d the curve is only slightly convex to the axis of time, showing 
a nearly uniform rate of increase. 

The history of a will be the same as that of h and the history 
of V will hence be similar, but m the inverse direction, aa noted on 
the diagrams. 

In a the reduction in velocity is neghgible during the valve move- 
ment up to the last tenth and then the velocity is rapidly reduced 
to zero, accompanied by the rapid upehoot in the value ot h aa 
noted above. In b, c, tiie rate of reduction of v changes progres- 
sively toward the condition indicated in d, where a nearly uniform 
rate of reduction is realized. 

The characteristics of these various cases, as noted, lead to the 
following general conclusions : 

The controlling condition giving rise to a pressure history such 
as that of a is a large value of mg, that is a valve or nozzle opening 
nearly or quite the full size of pipe. In the case of a, mo=l-00. 
This imfdies a pipe with gravity Sow and hence the entire head B 
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used ap in friction and velodty, or since the latter head is smidi, 
it follows that eubBtantiaUy the entire head H is used up in 
friction. 

Other things equal, the head & will he small with la^e vtdues 
of F, and wiU increase more and moie slowly with decrease in m 
in accordance as the valoe of X is greater and greater. 

Qoing to the other extreme as represented by the case of d the 
initial value of m is very small (-02) and the head is very high 
(2700 (f)). At fall pipe line velocity of 8-04 (fs) the velocity head 
is about 1 foot and the friction head is 85-6. Hence but a smaU 
fraction*(3-2%) of the total head is used up in friction and velocity, 
the remainder {96*8%) beijig available under steady conditions as 
pressure head. 

The cases represented in b and c are intermediate between those 
of a and d. The fraction of head used in friction in the font cases 
is progressively -968, -66, -17, -032. While other factors will modify 
the form of the carve to some extent, the general progression from 
that of a to that of d will correspond to a lesser and lessor fraction 
of the total head absorbed in friction. 

37. Law of Decrease of Pressure with Time, 
Valve Opening 

The treatment of the case of valve opening is in efEeot contained 
withinthatof closure, as in Sec. 36. It is only necessary to remember 
that for valve opening, h is negative and to modify the resulting 
equations accordingly. 

The treatment of this case in further detail will, however, be 
found in Sec. 41, as a part of the more g^ieral treatment of the 
case of valve opening. 

38. Gradual Closure: Time Long Relative to Time 
2LI8 for Double Traverse of Acoustic Wave ♦ 

In this case there will be a series of reflections back and forth 
from the two ends of the line, somewhat after the manner assumed 
in Sec. 26. The total effect, however, may be conaidered as made 
up as a summation of successive effects due to successive move- 
ments of the valve and to the consequent successive elements of 
velocity reduction luid the resulting elements of pressure chuige. 
Thus as in Sec. 29 an elementary or differential change in velocity 

* NolMion : In this and following seotianB of the present chapter it will 
be foond of special oonveniefUM to d^iote the value of the reduction in 
velocity (vi-v) by Uie aingle aymbol i and alsa a, serisa of values of h, i and 
otbec qtutnUtiee belonging to a series of time iHBtants f, f-z, (-2£, t-3i, etc., 
by A, Ai, A„ A„ etc. That is, no subscript implies a value relating to the 
instuit of time (, a subaoript 1, to on instant earlisr by (, e aubscript 2, to an 
instant earlier by Zt, etc. 
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dv taMag place in an elementary or differential time dt wiLL 
prodnce at the valve an elementcoy or differential preaeure change 
measnred by dk—ad 

and this dement will move with velocity iS as an elementary^ pies- 
Bure wave along the pipe and suffer refle«tion back and forth some- 
what as indicated in Sec. 26. 

At any point in the Une therefore, and at any subsequent time, 
the total net excess pressure head h will be the algebraic Bummation 
of ail such elements', both direct and reflected, a,e have, during such 
time, reached or affected such point. 

With reference to such conclusion, however, one important 
reservation must be made. 

The reflection of pressure waves in a liquid baok and forth from 
the two ends of the line, as assumed in Sec. 26, assumes comjdete 
or perfect reflection from each end of the line. Also in the ideal case, 
the damping effects due to viscosity are ne^ected. 

With regard to reflection from the upper end of the line, such 
reflection is based on the condition of a constant prwsure at this 
point, and such condition must obviously be fulfflled, since just 
beyond the upper and open end of the pipe we can only have the 
reservoir pressure, which is assumed constant in value. Hence 
we may with propriety assume that, at this end of the line, reflec- 
tion will be realized with a close approach in manner and degree 



On the other hand, the reflection from the valve end assumes 
the valve closed before the reflected wave returns to this end of 
the line. A dead end, and at which the velocity must become zero, 
is therefore the imjdied condition for the complete reflection assumed 
in these earlier sections. With the conditions of the present section, 
however, the reflected wave returns to the valve end b^ore closure 
and while water is stilt issuing. The reflection cannot therefore be 
complete. 

The degree to which reflection is realized will presumably depend 
on the closeness to which the condition of a dead end at the valve 
with zero pipe line velocity is approached. 

Thus with an Eu«a of valve opening at the start the full size of 
the pipe and in the early stages of the movement, the area will 
be but slightly reduced, the excess pressure developed will tend to 
increase the issuing velocity u, and there will be but alight reduction 
in the main ^pe velocity v, and in consequence the reflection must 
be quite incomplete. As the valve approaches the dosed position, 
however, the area through the valve wiU become much reduced, the 
pipe velocity v will become small and more complete reflection 
should be realized. Otherwise, considering the valve as equivalent 
to a diaphragm moved across the opening, we may say that in the 
early stages of the movement there is but a small area of diaphragm 
avdlable against which a reflected wave can form, while near the 
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oloee of the movement Buoh area vih be larger, and more complete 
leflection will be realized. 

Again, in the case of a pipe line under high head and vith a 
noz^e area a, even when wide open, small compared with the pipe 
line area A, it seems probable that, at aU stages of the valve move- 
ment, relatively more complete reflection should be realized. The 
closure of a nozzle from area a to zero may, in effect, be considered 
as the last stages of a closure of the complete area from A down 
through a and to zero. From another viewpoint we may consider 
that the end area available for the support of a reflected pressure 
wave will be (A~a) even when the valve is wide open and will 
gradually increase to A ae the valve is closed. 

These points stiU remain in uncertainty, however, and there is 
much need for farther experimental study of the general problem 
in order to determine nwre definitely the extent to which reflection 
of pressure waves can be realized from the delivery end of a pipe 
dischaiging water through a nozzle or opening of varying B^ee. in 
relation to the c.s. area of the pipe. 

We must, however, in general conclude that the reflection ol 
pressure waves from the v^ve end of a pipe under discharge will 
be more or leas imperfect or incomplete, approaching complete 
reflection as the flow of water becomes less and less, and reaUzing 
sabstantiolly complete reflection from and after the moment of 
valve closure. 

In Sec. 40 will be found some further discussion of the subject of 
partial reflection at Uie valve. 

The condition of complete reflection may in general be con- 
sidered as a limiting case to which actual oases will apjuxiach as the 
attendant drcumstancea may determine. It becomes therefore a 
matter of interest to develop, at leaat in general outline, the results 
which may be expected in such limiting case. 

To this end oad holding in mind the priocii^es of Sec. 25 we have 
dh=a{dv-2dv^+2dVt—2dvg+eto.) (40) 

whence 

k]l-^a(v]'-2v]l'+2v]l'-2v]l-+etc.) (41) 

Or with the special notation of the present section, 

A=o(«— 2»i+2«,-2aj+ete.) (42) 

Thus in (40) the first term represente the element generated at the 
valve at the instant (, the second term the element generated at the 
valve at the instant {t—z) or t^ and which has, in the meantime, 
travelled to the upper end of the line and back again, arriving at the 
instant t and, by complete reflection as discussed in Sec. 25, operates 
to reduce the pressure condition at that instant by 2advt-„ or by 
twice the amount of the element generated at the instant (t—z). 
Similarly the third term represente the element generated at the 
valve at the instant ((— 2z) and which has in the meantime com- 
pleted (me full cyde of four txaverses of the length L, and thus 
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returns to the valve at the instant t as a wave of positive i»eBBiiTe 
and by reflection then gives a positive element of 2advi.tiOr twice 
the element generated at the instant {t—2z). 

The remaining terms, however numerous, indicate successive 
elements generated at the valve at succeaeive time intervals of z 
counting backward from the instant under consideration. The 
number of terms, therefore, will be given by the whole number neit 
below tjz. These terms, as readily seen, will have alternately minus 
and plus signs according as they have made an odd or an even 
number of double traverses of the length L. 

In equation (41) the successive terms indicate each the summa- 
tion of a. series of elements adv, all of which are similar in sense and 
time history (number of double traverses of pipe line length). Thus 
for the first term the time period is to t, giving the summed effect 
(all In the positive sense) of all elements as formed and |n«vlous to 
propagation or reflection. For the second term the time interval 
isO to (t— s) or f^, giving the summed effect (allln the negative sense) 
of all elements which have had time to make the double traverse 2L 
with return to the valve and reflection at that point. For the tlurd 
term the time interval is to ((—2z)or(j, giving the summed effect 
(all in the positive sense) of all elements which have had time to 
make two double traverses, or one complete cycle, with return to 
the valve in the positive sense and reflectlon'at that point. 

In this manner the various terms aire made up, eaeh representing 
the summation of elements which have made at least a giv^i whole 
number of round trips from the vsJve to the upper end taid return, 
successively 0, 1, 2, 3, etc. 

It should be noted that this entire development of an expression 
for the resultant h in the case of a closure extending over a time t 
larger than z is only an extension, by the process of summation, of 
the {Hinoiples and methods developed in Sees. 26 and 29. 

Re-writing (42) we have 

A=a(a-2«,+2«j-2«a+etc.) (42) 

We shaJl have similarly 

ftj=a(s,-28,+2a3-etc.) (43) 

It is readily seen that these two expressions after the terms in 8^ 
have the same terms with opposite signs. H^ice 

A+fti=a(«-«,) (44) 

Again, in equation (42) put 

B=a)j— 2»j+2sa— etc (46) 

We have then h=a{3-B) (46) 

Noting the make-up of %„ as in (43), we also readily see that 

or aB^ki+aSi (47) 

Thus from either equations (44) or (46), (47) it appears that the 
value of k for a given time t can be immei^toly determined if we 
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can find s for the same time and knowing also h and e for a time 
(t—z). Or otherwise if we know h and a for a time t and can find s 
for a time l-^z we can find h for t-\-z and so on for a series of values 
of t separated hy the interval z. 

Those results are of remarkable simplicity, connecting, as they do, 
successive values of h separated by the time interval z. 

The determination of the values of h during tuiy period of time in 
general, involves three distinct phaaes or time periods : 
L f between o and z. 

2. t between z and T. 

3. ( beyond r. 

Wth proper interpretation (44), (46) ^id (47) apply generally 
to all three periods. Thus for the first period the subscript 1 
implies a time [t—z) negative and in such case the term is to be 
omitted, giving in (44) : ft_(„ (4gj 

For the second period the equations apply ae written. 

For the third period, for t=T and beyond, a becomes v^. Hence 
for values of t between T and T+z we shall have from (44) : 

A+Ai=a(«„-«i) (49) 

while for {t—z)>T or t>(T+z), both « and «i become Wp, and we 
*»^e 'a=-A, (50) 

It now remains to provide means for the detenuination of the 
value of a corresponding to any given time t. 

In Sec. 30 equatioufi hare been developed for the determination 
of the time history of each of the various quantities h or q, u, v, a, 
and on the assumption of a time of closure T less than z. These 
equations will therefore apply directly and without change to the 
present problem for the firat time period from (=0 to t=z. 

For the seoond time period from t=z to closure, or t=T, we 
proceed ae follows : 

Equations (33) and (36) apply to this time period without change. 
Instead of (34) we have (46), and this becomes 

h=a{Vo-~v-B) (51) 

Combining these so oe to eliminate u and v, as in Sec. 36, and 
reducing the eqaaticm in A we have similax to (39) : 

h={E+F)-^/F>+iF [H+E) (52) 

Where B=ax!^—aB 

and oB^hi-^aa^ 

When m=0, ^"=0 iwd h=E=aD^--aB as it should from (51) 
with »==0. 

* For an expreaaion for F not ei^Udtly involving the quantitieB m and / 
<U in notation of equation 36), Bee Appendix II. 
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It will be noted that (52) difiers from (39) only in the t«rm E 
which here appears as av^—oB instead of ovo- 
Bepeating for convenience (33) and (36) we have 

i'=™« (53) 

Mu*=H+h (64) 



Where M=;r-A-p: 



and m=ajA and where a may vary in any specified manner with 
the time. 

The condition of uniform rate of valve area closure is often 
assnmed in dealing with problems of shock. In such case if a^ is the 
original or full opening we shall have 



-X'-O^-C-O- 



,.(5S) 



It should be especially noted, however, that in this general 
method of treatment it is not necessary that the valve follow any 
particular law in closing and in particidar that the treatment is in 
no wise limited to the case of linear closure. The various equations 
of the present section expressing h as the sum of a series of terms 
are entirely independent of any term ezjH^eeing the time rate of 
valve movement. The valve opening is represented solely by the 
factor m which appears in eijuationa (36) and (38), and no matter 
what the character of the valve movement may be, so long as it is 
known, it will be possible to assign to a series of values of t the 
corresponding sraies of values of m. This insures, therefore, the 
solution of the problem for any assigned rate or character of valve 



In any case, therefore, the program for finding a series of valnee 
of h extending over any period of time from to f is aa follows : 

1. The conditions of the valve movement determine the values 
of m. If the ratio of closure is assumed uniform then m for any 
value of t ifi given by (66). 

2. From the known hydranUo and other characteristics of the 
case find the values of the various terms in equation (62), omitting £. 

3. With a time Interval At as selected and the various nnmericcd 
values of the terms in (62), putting fi=0, find the corresponding 
series of values of h up to the value of t next smaller than z. Then 
find the resulting values of s, v and u, if desired, using (48) and (63). 
This will give a series of values covering the period up to z or up to 
the nearest point below z. A further point may then be found in 
the same maimer for t=^z. If the time interval is exactly coutaiiied 
in z, the regular series will contain the point for t=z as its last 
member. A value of the time interval At which is either equal to z 
or an even submultiple is to be advised in a program of computati<Hi 
of this oharactOT. 
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4. Then taking for t a value z+^t, find from (47) the value of 
aB^hi-i-a3i—23i or 2a at time J(, ajid with this value of B and the 
appropriate values of the other torma find from (52) the value of h, 
and thence 8 from (46) and thence v and u if desired. 

6. Continue the process by taking next t=z+24t and find from 
(47) the value of £=2«j or 2« at time 2 J(, ajid similarly for auoceeeive 
steps. Beyond f =2z the value of B vill no longer equal 2si but will 
always be correctly given by (47). 

6. Beyond t^T the procedure is simplified through (49), (60) and, 
as will be seen, the time history of h then becomes a periodic curve 
with alternate positive and negative maxima equal to the value 
realized at t=T, and with a complete period of 2z. 

It thus appears, in the development of such a series of values 
of h, that each set of terms found for a time t serves to determine 
through (47) and (62) the A and thence the a, v and u for the 
time(+«. 

It further results that a value of h at any sin^e value of t cannot 
in general be found except as a member of the aeries extending at 
least from t=z. The complex condition of multiple reflection, 
back and forth, does not seem to permit of representation in a single 
equation with known terms, unless, indeed, such equation were made 
of such complexity as to represent in efiect the series of operations 
required to determine the series of values as above indicated. 

Sample Computation. — In order to indicate the character of the 
numerical operations in connection with the solution of equation 
(62) the following sample computation is given.* 

The basic data taken are as follows : 



ChteyCoef. 



mo= -06. 

Arrest of valve at half closure or n>i=-026. 

Riftte of valve closure ■10mo=-005 in time 2=2 (s). 

We then find i/0»r=l-322 and l/2fl/=-01618. 

The initial conditions are found in the column under (=■00. To 
this end only the quantities necessary are entered. 3f=l/2fl/+ 
im*/CV results as rfiown, and then u*=H-^M and r=f?w. 

For t=z, B=0 and hence E=av^. 

M is next found from the value of m=^-046 and similarly F. 

In thia form of computation equation (52) is put in the form 
(66), and the solution proceeds as indicated, giving a value A=44-8. 
The remainder of the column then furnishes a check on the numerical 
accuracy of the work, and also serves to determine E for the next 
step with (=22. 



i=4IX)0 


(1) 


D= 1- 


m 


H= 600- 


ffl. 


C= 110- 




/= ■ 


J6. 


«=«00- 


(fe) 
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Thus we find u from the relatioQ u*=(H-\-h)-i-3I (eee equation 
(54)), and v from v^mu, a from a={v^—v) and aB„ from aB„= 
(h+aa) (see equation (47)). 

In this notation B^ denotes the B for the next step ahead. 

Then with these values we find E„ from E^—{iiv^—B^, where 
likewise E^ denotes the value of E for the next step ahead. This 
gives fi„=905-5, which is then entered as the B for the next step 
t=2z, and thus the computation proceeds. 

The intermediate steps for t—^z and 43 are omitted and the 
results then given for (=^52 carried through in the same manner. 

Then for (=6z, m and hence M and F remain the same as for 
(=6z, and thus the computation follows through giving a value 
of A=— 16-67. 

The numerical check referred to is found in the relation 'h=a{8—B) 
(see equation (46)). Thus the difference between the cuin one column 
and the (iB„ found in the preceding column should equal the value 
of A. It will be noted that this relation checks out within the 
nearest tenth, which is ee close as the number of places included in 
the computation will secure. 

The fuD results for the case up to (=10z aie shown graphically 
in Pig. 56&. 

SAMPLE COMPUTATION 



E 




096. 


906-6 


612-9 607- 




0026 


-0020 


-0016 


•00063 


1 .322m' 


■0033 


■00268 


■00211 


■00082 


01618 


■01618 


-01618 


-01618 


■01618 


M 


'01048 


■01886 


-01829 


■01700 -0170 






6 BO 


4-089 


3106 


(am)' 




31 26 


24-69 


9-647 


"i 




-03772 


-03658 


0340 




828-6 


676- ■ 


283-7 283 7 


H + E 




1496- 


1406-6 


1112 9 1007- 


H + E+F 




2323-6 


2080 ■ 5 


1396-6 1290-7 


(H+E)- 


2236026' 19T6400' 123S600. 10140S0 


IH + E + F)' 


5399100- 4328400- 1960600- 1666900- 


Diff. 


3164075- 23630O0- 71190O- 661860- 


V~ 




1778-8 


1634- 


843-76 607-37 


(E+F) 




1823-6 


1680-5 


896-60 790-70 


h 


-00 


44-8 


46-6 


52-85 (-)16-67 


H + h 


500- 


544-8 


546-6 


56285 483-33 


-=-M 


26666- 


38890- 


29880- 


32620- 28430- 




160 2 


170- 


172 86 


18033 168-61 




8-01 


7-66 


6-914 


4608 4-210 


"o 


8 01 


8^01 


8 01 


8 01 8-01 




■00 


36 


1-098 


3-602 3-795 




-00 


44-7 


136-1 


435-1 471-4 


oB^ 


-00 


89-5 


182. 6 


487-OH 464-73 
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Qnuthical TmJOnatit tA Egnatioa (52). — It ia seen that equa- 
tion (52) may be leacUl; put into the form 

h=(E+F)-^(\l+Ji+j!')*-(U-i-E)* (56) 

This form readily lends itoelf to. graphical solution aa in I^g. 46. 

Lay off AB, BC, CD representing respectively H, E and F. 
Then AD=H+E+F. TOth AC as radius draw the mc CQ. To 
this draw the tangent DP emd then the radius AP. Then AP= 
H-\-B and PD=tha radical in (56) and swioging over the arc 
BR from D as centre we have h=PR. 

FntsaiB at any Point in tb« Line. — ^The discussion thus far has 
related solely to the preeeure at the valve. The same fnincij^es 



ff ,fl 



C f 



as developed in Sec. 38 uid generalized for any point P at a distance 
X from the valve, enable us to write down a general equation simiW 
to (42) as follows : 

ft=o{»(_(— »i- (,_()— «(_(,+j)+aj_(i,_4)+«/_(»,+i)—etiC.)*. . , (67) 

Ab in (43) each of these terms represents the eommation of those 
parts of the final result which have had, so to speak, a common 
life and which thus admit of summation. The first term is the 
summation of the elements generated at the valve, and which have 
at least traversed the distance x between the valve and the point 
P, distant from the valve by the time interval «'. The second term 
is the Bummation of the elements generated at the valve, and 
which have at least traversed the distuice L to the upper end and 
back agtun to the point P, a distance 2L~x luid requiring a time 
{z~i)- These come back as an unloading of pressure and hence 
* In thU and •abMtjaaat eqnatioiw, jaatime ijS. 
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appear with the negative sign. The third term is similarly the snm- 
matiOD of the elements which have at least traversed the distance 
£ to the upper end and back again to the valve and back by re6ec- 
tion there to the point P, a distance 2L-\-x and requiring a time 
(2+i). This likewise operates as an unloading t«rm and hence 
appears with the negative sign. Similarly the other terms repre- 
sent the summation of elements corresponding each to a common 
distance of propagation and approachuig P alternately from the 
upper end and from the valve. 

It is of interest to note that when the point P is at the valve and 
x=0, the two unloadings represented by the second and third 
terms occur ramulttmeously at the valve, and become by their 
Bum20j_i or 2^1 as in equation (42). In this manner by the acsump- 
tion of a:=0 or t=0, equation (57) becomes reduced to (42), and 
the latter is thus seen to be only a special case of the former when 

Writing equation (57) for time ((— z) and adding the two valuM 
thus found, we have by the cancellation of all terms after the 
second. A+Ai=a(«t-(-«.-(^)) (68) 

It will be noted that at any given instant of time, a is the same 
throiighoat the length of the pipe. Hence the investigation 
of the preaanre at the valve end will give a aeries of values of a 
which may be ap|died throughout the length of the line as indi- 
cated in (57) or (58). 

To this end we need a general history of 8 on time, and this may 
be most conveniently laid down graphically from the reaulta derived 
for the valve end. 

Wth such a graphical history of 8, the determination of h for 
any point in the line and at any time becomes, through (57) and 
(58) a matter of simple routine. 

Equations (57) and (58) are entirely general and may be thus 
applied over any time period, with the single interpretation that 
when any subscript ia zero or negative, such term is to be omitted. 
Tn thia manner (67) could be employed as far as might be desired. 
If the number of terms becomes large, however, the operation 
grows in numerical complexity, and in this case the relation ex- 
pressed in (68) may be employed with advantage. 

It is also of interest to note in (57) that if x=L, i=z/2 and the 
successive terms become equal in pairs with opposite signs and 
thus A=0 as it should. 

Assnmiition ol TTnif orm Value ol dvjdi. — In discussing the problem 
of shock the assumption is sometimes made of a uniform value of 
dvldt, that is, of a uniform retardation in the velocity v. In sncb 
case each of the element* dv will be equal, and the value of « up 
to t~T will always be given by 

8=7a (59) 

Where n is the constant value oi—dvjdt 
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Equation (14) for this case becomes 

h+hi=a>ai=<iOnhtaiit (60) 

An examination of (42), remembering that subscripts when or 
negative imply the omission of the term, shows readily that h 
starting from increases uniformly up to t—z, where it reaches the 
T^ue onz. It then begins to decrease at the same rate, as is also 
implied in (60). ConsideFation of (42) and (30) shows that in such 
case the graphical history of h would consist of a series of straight 
line slopes running from to a maximum of anz and then down 
to again, luid with a complete time period of 2z. This will bold 
as long as the valve is in movement. After closure and beyond 
t=T+z, we shall have, as before noted, A=— A,. That is, any two 
values with a time interval z will be equal and apposite in sign. 
Examination of this part of the history in detail will show that the 
graph will be as indicated in Fig. 47, where the full lines show the 
up and down slopes during the period of valve movement, and the 
dotted lines show the various forms which the graph would take 




after closure, dependant on the value at t=T. Thus if T<z the 
graph wiU follow the dotted line as indicated from A on. If the 
terminal point when t=T lies on a doTFn slope as at (7 the graph 
will follow the dotted line as indicated and similarly for other 
cases. 

These graphs are readily seen to fulfil the following laws : 

1. Values separated by a time interval z are equal and apposit« 

in sign. 

2. The complete period is 2a. 

3. The graphs will in general have flat tops and sloping sides, 

the slope of the sides being twice that of the fuU line part 
belonging to the period of valve movement. 

4. The flat tops mark maximum and minimum values, which 

are alternately positive and negative in sign and equal in 
numerical value. 

5. The numerical value of the maximum (or minimum) equals the 

value reached at the instant of valve closure. 



ty Google 



WATER RAM OR SHOCK IN WATER CONDUITS 121 

6. If the Instfuit of valve closure is on an up elope, aeat Aoi D, 

the graph starts oS on a flat top at thia vBlue of h and 
continues for the rest of a period z. It then falls until 
t=T+z, and roaches a numerically equal negative value, 
and BO on as shown. 

7. If the instant of valve closure is on a down slope as at C, 

the graph falls during the remainder of a period z, reaching 

a negative value equal numerically to the value at valve 

closure, and then starts oS with a constant value of h, which 

it holds until t^=T+z, when it rises and follows its course 

as shown. 

It is of interest to note that if the instant of valve closure occurs 

at the end of an odd number of periods z, bringing the point to the 

top of one of the slopes, the graph will continue as a series of right 

line elopes implying a series of positive and negative extreme 

values equal to am. 

If, on the other hand, the instant of valve closure occurs at the 
end of an even number of periods z, bringing the point to the bottom 
of one of the slopes where A=0, the value of A mil continue to hold 
zero ae a constant value, and the excess pressure head in this oaee 
disappears with the closure of the, valve and remains indefinit«ly 
thereafter. 

While this analysis of the conditions resultir^ from an assumed 
uniform value of dvjdt has an interest as a part of the general 
problem, a«d especially as illustrating the efifeotive manner in which 
the equations above deduced serve to determine a wide diversity 
of results according to changing conditione, it must be recognized 
that the fundamental condition of uniform retardation is one not 
likely to be met with in actual practice. 



39. Gradual Partial Closure, Time as in 

SECTION 38 

The discussion of Sec. 38 has assumed full closure as the final 
condition. If instead the valve remains partly open, we have in 
effect an arrest of valve movement at a time T foUowed by a con- 
stant value of m and euch valuee of A, s, ti, u as may develop. We 
have here to distinguish two periods : 

1. The period from (=0 to (=7, when the valve movement ie 



2. The period subsequent to t=T. 

Obviously the condition for the first period is the same as for 
the corresponding part of a case of assumed full closure with the 
same rate of valve movement up to t=T, and as^ treated in 
Sec. 38. 

For the second period yf^ sh^ have relations between h, a, v, u 
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exiweer^d by the same general eqaationa as before but now with 
a constant value of m. 

The general procednie for finding the time history of h during 
this period is therefore the same as described above for the case 
of full cloeuie, but with a conBtwit value of m. This will give an 
entirely different course to the sequence of values. Often the 
graph of h during this period will show a series of excursions posi- 
tive and n^ative of decreasing amplitude and gradually approach- 
ing 0, while the values of v and v. will approach those for steady 
conditions under the given fized value of m. The general character 
of such graphs is given in Figs. &4r-56. In some cases, as determined 
by the cluwacterietics, the return of A to the zero value may be 
by gradual decrements without oscillation through positive and 
negative values (see Mg. 54). While the equations would, further- 
more, indicate an indefinitely long period of time for the attainment 
of final steady conditions, the influence of viscosity and the failure 
to re^ze reflection as assumed, will rapidly obliterate the oscilla- 
tions of pressure and reduce the values to those for final steady 
flow conations. The rapidity of return to zero, or to a negligible 
value, also varies in marked degree with the characteristics of the 
case (see Figs. 65, 66). 

Naturally, in dealing with parti^ closure, any law of reflection at 
the valve end may be assumed, ^ther full reflection or pturtial, 
according to the various methods of estimate as discu^ed in 
See. 40. 

40. Partial Reflection at Valve (Closure) 

The treatment thus far has assumed full reflection of the pressure 
wave at the valve, a condition which, as we have already seen, will 
be only imperfectly realized in practice. It becomes, therefore, of 
interest to examine the results of an assumption of partial rather 
than full reflection at the valve. 

There are at least four assumptions which may be taken as a 
basis for the specification of a partial reflection, as follows : 

1. A constant fraction of full reflection. 

2. A fraction of full reflection measured by the ratio {m„—m)lm^. 

That is, reflection in proportion as the valve opening is 
reduced in area from full opening to closure. 

3. A fraction of full reflection measured by the ratio {A—a)IA. 

That is, reflection in proportion as the ctoss section area of 
the pipe A is closed over at the valve end. 

4. A fraction of full reflection measured by the ratio — . That 

is, reflection in proportion to the decrease in the velocity of 
the water. 
We shall briefly indicate the results as developed from these 
various assumptions regarding th^ degi'ee of reflection realized. 
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Case 1.— Let / d^iote the conatant froctioD. Then eqTiati<m (42) 
will become 

A=a(«-.(l+M+/(l+M-/'(l+/)«s+etc.) (61) 

The second term repreeeiits at time ( an unloading «, with reflec- 
tion /«,. The third term develops first at time (t—z) ee an unloading 
s^ with reflection fs^ and then at time t aa a second unloading fs^ 
with second reflection /"s,, giving by the sum ol the two latter the 
term as written ; and sindlarly for subsequent terms. 

Denote all terms in the parenthesis after the first by B we then 
t»a™ h=a(a-S) (62) 

With the make-up of (01) we then readily find, in a manner similar 
to that followed with full reflection the following relations : 

*+/fti=«(«-«i) (63) 

aB=fhi+aSi (64) 

It will be noted that these equations all reduce to the forms for 
full reflection, as in (42), (44), (47) if we put/=l. 

We may then proceed, exactly as indicated for full reflection, 
using equations (52), (63), (54) but with the value of S as in (64). 

Cue 2. — We shall in tWs case have for / a vwying value given by 

There will be, therefore, a value of / for each instant of time 
during the closure, and in particular a series of values for the 
iostantA (, t—z, t—2z, etc. Wiese we may denote by /, /,, /„ etc., 
the same as for the series of values of h, a, etc. 
We shall have, then, instead of (61) the equation : 

A=<i[«-(1 +M+/i(l +/)*.-/i/.(l +M+etc.] .... (65) 
The second term represents at time t an unloading a^ plus a 
reflection /si- The third term develops first at time {t—z) as an 
unloading «, with reflection fi3, and then at time f fts a second 
unloading fiSf ^th second reflection ff 1^2, giving by the sum of the 
two latter the term as written ; and similarly for the other terms. 

Denote, as before, everything within the brackets after the first 
term by B. Put also 

P=«,-/j«,+/j/^j_eto (66) 

Then Pi=«,— /,«a+etc (67) 

Whence we iferive 

or P=ai-fiPi (68) 

We have then for (65) A=o(«— 5) (69) 

and from the composition of (65), (66) it is seen that 

B=(l+f)P (70) 

We also readily derive the relation 

A+Ai=a(*-/>i— Pi(l-J!fi)) (VI) 
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It will be noted that (65) and (71) reduce to the formB for full 
refieotion if we put /=1. 

We may now proceed as described for the case with full reflection 
finding h from (52) with the value of £ as given by (70), (68) and 
finding s and v from (69) or (71). 

Case 3. — In this case the resulting fundamental equation is the 
same as (65) for Case 2, but, with dmerent values of /, /„ etc., we 
shall have here : 

/-^=l4-(I-m) (72) 

With a prescribed program of movement for the valve, therefore, 
/ becomes kaown for any instant of time and we may then use the 
equations of Case 2 but with the appropriate values of/. 

Case 4. — In this case we have for valve closure 

/-f. ('3) 

and hence for the series/, /j,/„ etc., we shall have «/«p, Sj/wo, tfj/vo, 
etc. 

We may, therefore, use the same general equations as for Case 2 
except that in this case we do not laiow, for any given time t, the 
value of /, since this depends on ti and this in turn on u or A. This 
implicit relation does not, however, introduce any new variable 
into the equations and we proceed by taking equations (33), (36), 
(69) with the special values of B and / as given in (70) and (73). 
From these equations, and substituting for s in terms of v, we 
eliminate v, u and s, and derive, as in Sec. 36, the value of h, 

A=(£+J)-v'^»+2J(ff+£) (74) 

where £=a(t>o— 2P) 

the same in form as in Sec. 36 and in the previous cases, and differ- 
ing only in the values of E and F. 

We may, therefore, follow through step by step first using (39) for 
t<.z, and to determine the initial values of P, and then using these 
results in (74) for the determination of A, u, v and s for times between 
z and 2z, and then using the latter values to determine those for the 
next interval z, and so on as previously indicated for the case of full 
reflection. 

As between these four bases for estimating the degree of reflection 
realized, we have Uttle experimental evidence as a guide, There is 
no reason for assuming a constant value of /, but a constant value 
somewhat less than 1 would presumaUy give more accurate resulte 
than to assume it constant at 1, as with the assumption of complete 
reflection. 

For a case where the open valve airea is the full size of the pipe, 
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assumptions 2 and 3 become the same, and in such caae assumption 4 
will differ widely from these in the values of / through the period of 
closure. 

For a case where the open valve area is small relative to the cross 
section area of pipe, assumption 3 will imply practically complete 
reflection, while in such cose assumptions 2 and 4 will more nearly 



41. Gradual Opening : Time Long Relative to Time 
SLjS FOR Double Traverse of Acoustic Wave 

The treatment for the gradual opening of a valve is, in principle, 
contained in that of Sec. 38 for closure. We shall have the same 
relations as expressed in the fundamental equations of that section 
but with the following interpretations : 

The change of head A is now a decrease instead of an increase and 
is essentially sabtractive instead of additive. 

The change of velocity s will be reversed in direction ; that is we 

shall have s^=ti ti 

instead of (28) and if the opening starts from complete closure we 
shall have ^—^ 

With this understanding we may, parallel to (36), (51), (33), write 
the fundamental equations as follows : 

h=a{v—Va~-B) 

Combining these as for the case of closure, we derive the equation 
for h in the same general form 

or h=-(E+F)+^^/F*+2F{H+E) (75) 

Where E=ava+aB 

2Jf 
and aB=hi+a3i as before. 

If the valve movement starts from full dosure, we shall have 
Vo—0 and E^aB. 

It follows naturally that this general method of treatment may 
be applied to the determination of the value of % at any point in the 
line and assuming any law of reflection at the valve end, the same 
a« for closure and as developed in detail in Sec. 38. 

With the proper definitiou of the quantities involved and with 
the proper interpretation of the results, therefore, the entire treat- 
ment developed in Sec. 38 may be directly applied to the case of 
opening aa vrell as closure. 

It must, however, be remembered that the total pressure head 
at any point in the line cannot become negative and hwice, any 
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result im|dying a final absolute presBure negative in value will imply 
rather a break in the water column, turbulent cMjnditions and a 
state of affairs generally where the physical basis assumed for the 
treatment of See. 38 no loi^r exists. 

la (75), if we put A=0 and reduce, we find 

This is then the condition that A=0. If B* >2FS, h is negative, 
in this case implying an excess pressure. If E'<2FH, A is positive, 
implying here a lowering or decrease of pressure. 

In some cases F may be large compared with (if-|-£) and hence 
{H-\-E+F) large compared with (H+E). In such case «i approxi- 
mate value of the radical (see equation (56)) will be (E+E-i-F)— 
(H+E)»l2iH+E+F). This wiU give 

^_„ (E+E)* 
2(H+E+F) 

With F large and E zero or small (opening from complete closure 
or near closure) the term following H will be small and hence the 
drop in head A at the time of arrest of valve movement will be 
nearly the entire head S, leaving the net pressure head represented 
only by the smaU term (H+EW2(H+E+F), or in other words, 
reducing the absolute pressure head nearly to that due to the 
atmosphere. 

This condition will be apfovximately resized for all values of F 
equal to or greater than eight to ten times {E-\-E) or for 

J'5(8tolO)(ff+£) 
with a closer and closer approach to the limit h=E, as the ratio of F 
to (B-i-E) exceeds these lower values. 

The same as in the case of closure the general problem of opening 
includes three time periods ; 

1. t between and z 

2. t between z and T 

3. ( beyond r. 
First Time Period. (=0 to t=2. 

For this period, B=0 and the value of E reduces to av^. Further, 
if the movement is from complete closure, t>o=0> ^'^^ ^™ ^^^^ 

h=~F+^Fi+2Fn (76) 

This gives, then, the value of A where the valve movement is 
completed within t^e time z. 

It is of interest to compare this with the value of A for closure 
through (he same range ot valve movement and within the same 
time. 

Let m and v denote the final steady motion valura at the end of 
opening or at the beginning of closure. Thea substituting for F itfi 
value {am)'j2M and noting that H/Jf ^^steady motion u' and that 
m^*=Bteady motion v', it is readily shown that 2FE=[av)'^E*. 



ty Google 



WATER BAM OB SHOCK IN WATEH CONDUITS 127 

Then dedgnatiBg the two values of h by Bubecriptfl c and o for 
cloBure and opening we hare : 

h,=av (77) 

h,=y/F*+(av)*-F (78) 

and from these we readily derive the relation 

V=*e*+2AaF (79) 

In the general problem of valvo opening we may have, for the 
initial pheoomena, two casee aceording as 7* ie greater or less 
than z. 

(a) T greater than z. 

In this ca«e, from what precedes, it is clear that we shall normally 
expect a rapid drop at the start ; either reaching A— fl practically, 
and holding such value up to t— 2 or approaching such value more or 
less closely as determined by the characteristics of the case and in 
partioolar by the relative values of F and {H-\-E). 
(6) T leea than z. 

In this case we shall have the same general trend of valnes as in 
(a) except that whatever value is realized at 1=7' will he held uniform 
until t=z. 

Second Time Period. t=z to *=T. 

For this period the general equation (75) must be employed. The 
course of the values of the net pressure head will show a return 
upward from the low value reached at t—z followed by a course 
whioh will be determined by the oircumstanees of the case and 
which will be illustrated at a later point. 

Third Time Period. t=T onward. 

For this period the fundamental relations expressed in equation 
(75) still hold, but with the special condition m=const. This 
will simplify somewhat the operations involved, but in general this 
equation must be used in order to determine the course of the 
pressure from t^T until substantially steady conditions are 
realized. It may be noted, of course, that in case T should be less 
than z the value of & will remtun constant at ita value for t=T until 
(=:z, after whioh equation (75) with nts^const. will b^in to apply. 

The general course of h during this third period will show, 
normally, a series of fluotnatione gradually bringing the net pres- 
sure head to the value for final steady Bow conditions corresponding 
to the given amount of valve opening. 

Slnsbrative cases will be noted at a later point. 

Partial Reflection at Valve (Opening). — The discussion of See. 40, 
with the equations developed, applies without change to the case 
of valve opening, except that in Case 2the VE^ueof/willbe(mi— m) 
/ntj where m^ is the ultimate value of m, while in Case 4 we shall have 
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=ultima.te Btoady motion velocity with m— 
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42. Discussion of Formul>e of Sections 38-41 with 
Numerical Cases* 

doflore. Time ot Valve Movement TEqaal to or Less than Time z 
tor Double Traverse of Acoustic Wave. — Thia case is treated in 
Sec. 36. Its treatment is also, of course, contained within that of 
Sec. 38. 

Hie maximum value of A is always found at the instant of com- 
plete closure and is measured by 

h^—aVg. 
If the closure is only partial the maximum value of A is always 
found at the end of valve movement and is measured by 
h„=a8=a{Vg-v). 

It will, however, require a solution of the equation (52) in order 
to determine the value of A or v. 

The course of the pressure rise in various cases has been dis- 
cussed in Sec. 36 and in connection with the diagrams of Fig. 48. 

ClosQie. Time of Valve Movement T Cheater than Time z for 
Double Traverse of Acoustic Wave. — This case is the one most 
likely to arise in practice. A large number of numerical cases 
have been worked through and from which the diagrams of figs. 
49-56 have been prepared. 

During the first period from (=0 to (=z, the course of the cuj^e 
is rising, the same as for the corresponding part of one of the curves 
of fig. 48. 

* In Figs. 48-86 showing preasure and velocity change for various cases 
of valve olOBure or opening, the followii^ oharacteriBtioB have been assumed, 
(or convenience, uDiiorm in value : 

D = !(£). 
Chtey coefftoient C = 110, ondheDce 
O'r-302S, 
Coefficient efflux /='96, and hence 
1/2h/ = -016177. 
Velocity S = 4000 (fa). 
Not« should also be joado that in the formuln relating to closure (equa- 
tion ( S2), etc. ) h positive implies excess of pressure, while in the f ormulie relating 
tq opening (equation (76), etc.) h positive implies de/eoe of pressure or depres- 
sion. Also in all diagrams relating to closure, h positive is laid off upward 
while in those relating to opening, h positive is laid off downward. 

On oertaia diagrams, the heavy dot calls attention to the point where 
l=z and the circle to tho point of arrest of valve movement. 
Full lines refer to preesure head h. 
Dotted lines refer to velocity v. 
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Ftma this point od the course will depend on the time T in 
relation to z and on the hydraulic oharacteiistics of the case. 
The more typical cases are as follows : 
(a) The curve may oontinne on reproducing very neari; the 

form of Fig. 48a, but reaching a value of A somewhat 

lower at the point of complete closure. 
Fig. 496 represente a case of this type. 
(&) The curve may continue on rising gradually, but with a 

more decided break at the point where t=z and i«aching 

a maximuTn value at complete closure con£dderably lees 

than in the case where T<z. 
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Figs. 49c, 60 represent cases of this type. 

(c) The curve may continue neaiiy horizontal, or with a neariy 

constant value of h, until the closure is complete. In some 
oaaes there may be a slight gradual rise, or again a gentle 
rise to a maiimum followed by a slight decline, or again 
an immediate sharp decline. 
Figs. 5\b, c, 526 refovsent cases of this type. 

(d) The curve may t>ieak into a series of alopea up and down, 

giving alternate maxima and minima, and im;dying a 
periodic fluctuation in the pressure with a tot(U period 
of 2z. Again, the general trend of such a history may be 
gradui^y up or down or practically horizontal. 
Fig. 62c represents a case of this type. 

Where the head H is mostly used up in friction, aa in the case of 
Figs. 48a, 49a, a moderate lengthening of the time T will give a 
result similar to that of Fig. iOb. That is, the same general chuacter 
will be retained with a sharp increase in h during the last moments 
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of closure, bat reaohing a final ■nl\ie 1ms s^A lesa »a T ie loBger 
and longer. The important point here is that the maximum value 
is not reached until complete closure and dfitormination through 
any form of computation on the basis of the theory of Sec. 38 must 
necessarily proceed according to the methods outlined in that 
section, and no approximate formula based on an assumed form 
of time history entirely difierent in character can be expected to 
give results having any rational relation with those foimshed by 
the more complete theory. 

Passing to the other extreme in a case where only a very small 
part of t£e head JB is used in friction, oe in Fig. 52, uid where the 
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curve for T-^z is neariy linear, the result of increasing T will 
be to give a periodio or fluctuating form of curve as in c. For 
intermediate conditions the curve will assume intermediate forms, 
as in Figs. 60, 61, 

In most cases of a break-up of the curve into periodic fluctuations 
with the period 2z, the rpftTiTunm value of A will not greatly exceed 
that for die instant when t=^z. Hence in such oases a good apfoxtxi* 
mation to the TnairiTnTini value will uBoally be given by solving 
equation (52) with the value of m when t=z. 

The same will be true for eases where the curve continues 
practically at a constant value of h, or with only a slight rise as 
in Kg. 516, c. 



ty Google 



132 



HYDRAULICS OF PIPE LINES 



For cases suoh ae those of Figs. 49, 60, however, the value of h 
continues to rise to the end, and the value for t=z will not give a 
proper indication of the final or maximum value reached. 

A detailed analysis of equation (52) would serve to give certain 
indications regarding the course of the curve beyond the point 
where t=z, and therefore as to whether the value of A for this point 
might be tak^i as a reasonable manmnm. Such analysis, how- 
ever, is complez and hardly more useful than the direct trial of 
one or two points. Such a trial will usually serve to give eome 




Scatt of m/m. 

Fio. 52. — ^HisTOBT or Pbibstibs Head h aks VKi.ooiTr i> (Ci,O0nBii). 



indication of the future coarse of the curve and hence of the'probable 
location of the maximum value of h. 

It wUl also be found, if the curve has a flat top or nearly uniform 
value of h from t=z onward, that the Allievi formula (61) or the 
mass-acceleration formula (96] wUl give a good approximation to 
the value. 

The main queetion remains as to the form of thej[onrve, and 
whether any such approximate {ormul» wiU apply witn reasonable 
accuracy. The simpjest way of answering this question will usually 
be through the actual examination of the curve itself by equation 
(52), and this will in itself give directly the vidues sought, if carried 
to the point of maximum value of h. 
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The time requiied for a compntatioD of this character will not 
usually exceed a period reaeonably permissible in such a stndy. 
After becoming accustomed to the work it mil be found that with 
the aid of slide mle and table of squaieB and square roota a single 
point can be comfortebly determined in about ten minutes, and 
thus a curve for T^=lOz, or say twenty seconds for a line 4000 
feet long, in a couple of hours or less. If the solution is carried out 
graphically through the method of Fig. 46 the time will be reduced, 
though naturally with some loss of accuracy.^ Jf 
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Fio. 64. — HiBTOitY or PaxseimE Hxas A attxb Asbkbt 

or V&iiVB HoTskflNT at '6s (CLOSTms). 

Bate of valve olosure aame as for oompleto oloflore in time t, 

L H m, m, z T 

800 42 '20 08 -40 -6z 

Cotme ot Bistory tA h attet Arrest ot Valve Movement.— After 
arrest of the valve at full closure, the curve of A, as indicated in 
equation (50), will fluctuate between plus and'minus values equal to 
the T^ue reached at the instant of closure. [Such a course is indi- 
cated in Fig. 53. As previously noted, secondary disturbuiGes 
not included in the theory will ultimately reduce the amplitude 
to a negligible amount. 

In the case of arrest of valve movement at partial opening, the 
value of h will return to zero, either by a Beriee of stepwise slopes or 
by alternate fluctuations, as indicated in Hgs. 54, 66, 56. 

Valve Opening from Complete Clomie. Time T Equal to or Less 
than Time z lor Doable Traverse olt Acoustic Wave. — In this case 
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Fio. fifi. — HtBTOBx or PutssuKi Hkad A aitbr Axbmbt 

or Taltx HovmuMUT (CLoerniM). 

Bote of tsItb oltwDzs Bame (u toi oomplete olomire in'tinw a 
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rid. S6.^Hi8TOBY ov Pbxsstibk Hbai> h Araut Abbbbx or 

VALVS MoVBKBNl^ (CtOBUOB). 

R»te of valve oloaure some as for oomplete olosure in time lOz. 
£ H m, m, z T 

Cases 800 42 -20 08 -40 6z 
„ b 4000 500 OS 026 2-00 6z 
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there will be a ooDtinnous drop in preBBture (increase in value of h), 
reaching a minimum at the close of the movement when t=T. 

Where the ultimate opening ia nearly or quite the full aize of 
the pipe and hence the friction head a large part of the total head 
S and with F large relative to H, the drop mil be abrupt and will 
reach down nearly to atmospheric pressure. Where the ultimate 
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Via. 57. — ^HiSToav ov PaBsansz Hxas h (OpBNma). 
L H m, m, t T 
Casea 4000 SO 00 100 200 > 







Time 
's 




I f 


2 


f ' 


1 ff 


«= 


in 
















« 


















1 


















^ 


L 

















600 42 '00 -20 -40 z 

opening ia small relative to the full aize of pipe the drop wiU bo more 
gradual and the minimum will be higher. That is, the ultimate 
values of h will approach more and more nearly to J? as the drop 
is more abrupt, in accordance with the conditions noted above, 
and contrariwise in opposite cases. These characteristics are shown 
in Fig. 67. 

Following the miniTninn value reached when t=T, the pressure 
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head h will letnm toward zero, the.oourse of the history depending 
on the oircumBtouces of the case. Three typiced couraes may be 
noted. 

(a) The head A will return towtHd iuid ultimately to zero by 

way of a series of gentle stepwise lifts, as shown in the 

case of Hg. 58. In an actual caw, due to the damping-out 

effects of friction and other secondary causes, such a case 

would develop as a praoticaHy smooth gentle up-slope 

gradually approaching the axis of zero pressure. 

(4) The head h wUl return toward and ultimately to zero by way 

of a seriee of mcne definitely marked stepwise lifU, as 

shown in the cases of Figs. 676, 69, 60a. 

(c) The head h will show a series of alternations on either side 

of the axis, as in the case of Figs. 60b, 61, 62. This means 

an alternation of value, plus and minus, with diminishing 

' amplitude and gradual approach to ultimate zero value. 
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In oases where the ultimate opening is nearly or quite the fnU 
size of pipe uid the friction head forms the larger pturt of the total 
head H, while at the same time H itself is moderate or small, the 
form of the return will be aiTnilitT to that of Fig. 68. In similHr 
cases, but where H itself is large (implying L large), the form will 
be similar rather to those of Figs. 676, 69. 

In cases where the ultimate opening is small compared with the 
size of pipe and where the friction head forms but a small part of 
the tot^ head H, but where H itself is large (implying L large), the 
return wUl be by way of alternating plus and minus vaJuee (type c), 
as in Fig. 606. In similar cases, but where H is moderate or small, 
the return may be by way of type (o) or (b), as the values involved 
may determine. 

£itermediate cases will depend on the valoes involved. Generally 
let mx be the final value m for full or ultimate opening. Then the 
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amaUer the valne of H/nti tbe more definitely will the retnm be by 
way of a otirve of type (o), while the larger the YoLue of fl^/mj the 
more definitely will the retimi be by way of a curve of type (c), 
while type {b) will be fowid for iiitenne<£ate values. 
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Actually there is no sharp line of demarcation between these 
various casM, and, geometrioaUy, one type ofvcurve shades into 
another by insenfiible gradations. ^ ' ' 

A detailed and somewhat complex analysis c3 the equations 
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involved would make poeslUe the laying down of more definite 
oriteTia regarding the type of carve to be expected in any particular 
cane. This, however, does not seem jmtifiable in the present woxk. 
Maximum vaiv£ of h. In the presMit caae, as not«d above, th? 
maximum value of h is found at tiie end of the valve movement or 
when t=T. It may therefore be computed from equation (76) by 
Bubetitution of the proper values. 
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Valve Opening from Cranplete Closure. Time T Oieater than 
Time z for Doable Travene (A Aoonstio Wave. — In this case we may 
note the three periods as before : 

1, Prom t=0 to t=z the pressure will drop continuously follow- 

ing, for that part of the opening up to t=z, the same law ae 
in the case of T=2. At the instant t=z the maximum value 
of A or greatest drop in pressure will be reached. 

2. From t=z to t—T the curve will rise rather in periodic lifts 

or following a series of alternations about a mean value 
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Fio. 64. — HiBTOBY or Pbbssubs Hiad h vixe 
Valttb op T (Opbhdto). 
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holding a general trraid nearly horizontc^ or ; _ _ 
Wfuxl. Here again a small v^ue of Sjmi vill nonnally 
determine a form ainular to tliat of Fig. 58 or in I^g. 63 
for the time period 2 to 22, or again in fig. 64. On the 
other himd a large value will, for the same time of opening, 
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determine forme shovii^ marhed periodic lifts or altematicoia 
about a mean value, either nearly uniform or slightly rising 
(see Figs. 65-70). As shown by the diagrams these cases 
shade insensibly the one into another. 
. For t beyond T, the value of A will return to either by periodio 
liftfl or by alternate plaa and miniu valnee Eunilar to those 
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Fio, 69. — HisTOBv or Pbbbscki Ebad h (Ofbniho). 
'-■ L H m. m, i T* 
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Fia. 70.— HisTOST o» PKBaaiTKi! Head h (Opimimo). 



400O 2700 -00 -02 20 lOe 



Sc 


ate ot m/ 

s 


m, 

4 , J! 


? ' 











<J 






r \v 


-e^ 










1 ^ 

W M 

























Fio. 71. — Hibtort ot Fbxssubb Hbad h, STUiTiNa ntoM 

Pabtui. OPKnNO. 

Roto of Valve Opening tfae same in all cases. 
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of ElgB. 67-62, for retnin i^ter T=z. In general the return 
is withont alternation of a%a except for large values of 
the ratio Hjm oombined wi^ valuea of T only moderately 
greater than z (see also Figs. 63, 66). 
MaximuiM valve of h. In this case the maximum value of h 
Scale of m/m. 
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(drop in preasuie) ia found vhen %=z. It may therefore be com- 
puted from equation (76) by substitution of the proper vduee. 

ViUyb Openme trom XnitUl Partial Opening. Time T Equal to 
OE Lms thiui Time z lot Doable Traverse tH Aeoostie Wave. — In cafies 
where the ultimate valve opening is nearly or quite ijie full eize 
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of ^pe and the initial opening one-half the altimat« or greater, the 
initisJ velocity v^ will be but slightly less than the final velocity ji^. 
In such caae the increase in velocity from Vg to t>^ \rill be small, and 
the whole program of values for h will be correspondin^y reduced. 
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Fig. 76. — Histoet c 
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Thus with the data of Fig. 48a and with m^=-5 the value of rg= 
7-594, while Wi=7-731, leaving only a residue Wi— t>o=-137 to be 
realized by the further opening erf the valve. In this ease the 
values of h are negligible, only reaching a maTinnim of 2-4 feet. 
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Fio. 76. — HiSTOBY or Fbxssuki Hkas h « 
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Fid. 77. — HiBTOBT or FBsesoKi Hsad h ton VAiuona Points ut 

PiPB LDTB (CUMUBIl). 

Z H m, m, s r 
4000 200 10 00 20 X0« 

C«w a at valve. Origin at 1^0 

„ b „ 1000 feet from „ „ „ 1= -26 seo. 

„ o„2000 „ „ „ „ 0„ l=-60 „ 

„ d„3000 „ 0„ ( = -76 „ 

Foe better oompariaon the four oases are brought to a oommon origin of 
time. Aotually ttieae origins are displaced relatively by quartor seconds, as 
notvd above. 
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On the other hand, with the same data and with m=-10 and -05, 
the initial Telocities are 6-216 and 3-13, and the values of h at iaH 
opening are 39-2 and 64-0 respectively (sec Kg, 71). 

In cases where the ultimate valve opening is small compared 
with the size of pipe, the initial velocity will vary nearly witn the 
initial opening, and in such cases the oltimate drop in preeeure at 
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full opening within the time t=z, will vaiy approzitnately with 
the amount of valve movement or neaiiy with the velocity {v^—v^ 
to be acquired (see Fig. 72). 

With oaees intermediate between thrae extremes, the results 
will be of the same general character, but varying in less direct 
Tiau 





|g 


~ 


^ 


y~^u 


|i it 


E_i 


t 


^ 


'2i 


^ 


,^ 


:::; 


~ 





~ 


— 






« 


// 


Y 


v\ 


/ 











r 


A 


'1 


* 
















lOO 


' 


' 



















4000 GOO -00 -05 2-0 lOz 

Caae a at valve. Origin at t = 

„ b „ 1000 feet from „ „ „ t= -26 

„ o„2000 „ „ „ „ „ (=60 

„ d„3000 „ „ „ „ „ ( = -76 




Ai Time .8t l.2t 

r PsBBBtTBE HkAO k WITH AaauHXD Fabtui, 

BnriiiiCTiOM at Vai.vb (Clobubb). 
L H m, m, s T 
4000 600 OS -00 2-0 2z 
Com a Percentage of reflection at valve -00 



.. 1-00 
e with f viU : 



ty Google 



Water ham or shock tN Water conddits U7 



05 
800 


04 


oi 


,02 


bi 




















■^— 






y^ 




^^ 















z Time 


M I 




/.fe 2 



4000 600 -OG 00 20 22 
Case a Percentage of reflection at valve (m 




Case a Percentage of rsflection at valve '00 



ty Google 



148 



HYDRAULICS OF PIPE LINES 



ratio with valve movement as the final opening is lai^ in com- 
parison Trith the area o{ pipe. In all caees, however, the ma xim um 
drop will vary roughly with the velocity («i— «o) **> ^ acquired. 

Subsequent to the arrest of valve movement at full opening, 
the head A will return to [zero either by periodic lifte or through 
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alternating plue and minuB values, as the characteriBtics may 
determine, and in accordance with the eame general relations as 
outlined for the caae of opening from fuU eloeure. 

Maximum value of h. In tias case the maximum value of A 
(drop in pressure) la fomid at the end of the valve movement or 
when t—T. It may therefore be computed from equation (75) 
by substitution of the proper values. 

Valve Opeoing from Initial Partial Opening. Time T Greater 
tlian Time z tor Doable Traverse ol Acoustic Wave.— The effect of 
extending the time in these cases is similar to that in opening from 
full closure, ae discussed above. Such increase of time reduces 
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the ultimate or extreme drop in pressure and modifies the general 
character of the curve beyond the point where t—z, as indicated 
in Figs. 73, 74, 76. 

After the close of the valve movement, the value of h will return 
to zero in the same general manner as for other cases and as previ- 
ously noted. 

Maximmn value of h. In this case the maximum valne of k 
(drop in pressure) is sometimes found when f=z, or again when 
t=T, or in some cases between t=z and t—T. It will therefore 
result from an application of (75), as may be required. 

Pressnre History at any Point in tiie Line. — Following the 
method outlined in Sec. 38, Figs. 76-80 show the history of ft at 
various points in the line for selected cases with hydraulic character- 
istics as noted. 

Partial Reflection at Valve. — Due to the absence of any defi- 
nitely assured basis for estimating the proportion of reflection at 
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tim Ytive end of the line, no attempt has been made to work out 
any considerable number of numerical cases. In Hgs. 81-86 are 
shown a few caws in illustration of the application of the method 
to a namerical problem, figs. 81-84 show the form of the cnrrea 
in the case of valve closure, and Hgs. 8S, 86 correBpondin^y for 
valve opening. In Figs. 83, 85, for the interest attachiiig to extreme 
conditions, curves have been worked out on the assumption of 
a constant value of /=0 and f=^ -25, though doubtless in most cases 
the actual value is greater than the larger of these. The valae 
/=0 imphee reflection from the upper end of the line, but no reflec- 
tion from the valve end. These various curves will repay careful 
study in connection with those for /=l-00 or full reflection at the 
valve, and which are given on the same diagrams for convenience 
of comparison. 

43. Approximate Formuue 

Due to the inherent complexity of the relations involved in the 
general problem of shock or wat^ hammer, there have been many 
attempts to find approximate or working formulte which might be 
sufficiently accurate for most practical cases. There is perhaps no 
problem connected with practical hydraulics for the treatment of 
which' a greater number of approximate or working formulee have 
been proposed. The difficulty of developing any such formula 
which shall be fairly general in its application is, however, ahown 
by the extreme divergence among the results given by the applica- 
tion of these VEuious formulae to the same problem. It is true that 
by introducing special limitationB or couditdons a formula may be 
developed which shall be relatively simple, and at the same time 
fairly accurate for the special conditions impUed. All such formula 
tack generality, and it is just here that danger enters in connection 
with their use. The author of a proposed method or formula may 
well understand its limitations and the conditions under which it 
may safely be used ; but once the formula has found a place in 
engineering literature, these limitations are apt to be forgotten 
and such formula are often proposed or used for cases to which 
they are entirely inappticable. Under such drcumstanoee the 
results obtained are wholly misleading, and their use implies a 
confidence which is quite without foundation in actusl fact. 

Due to these consideratdona it has seemed desirable to note, in 
the present section, some of the better-known formulfe which have 
been proposed and which are in current use in varying degrees. 

In this discussion there is implied no criticism of these formulte 
as such or of their authors, but rather an attempt to show the 
relation between such formuhc Mid the more complete theory 
developed in the preceding sections, and thus to indicate the general 
conditions under which such tormulte may be safely or appro- 
priately employed. 
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Tbfl AUievi Formnla. — The general equations developed b; 
Allievi* rest upon the same fuudtirmental aeeumptions regarding 
the physical phenomena involved as the equations and methods 
of Sees, 36 and 38. AlUevi's development ia, however, based on 
certain restrictions or limitations ae noted below. 

Applied to the same problem and with the same interpretations 
«id conditions, the equations of Sees. 38, 41 give identically the 
same results as those of Allievi. A somewhat different method of 
development has, however, been here preferred by reason of the 
better pictiwe which it enables us to form, of the phyBical state of 
the column of water within the pipe and tdong which an acoustic 
wave is travelling back and forth with reflection at the ends, all 
as developed in detail in preceding sections. 

The restrictive conditions which are assumed in the development 
of the AUievi equations are as follows : 

1. The omission of the influence due to friction. 

2. The omission of the head v'l2(i corresponding to the main 

pipe line velocity v. 

The latter is ueooUy small compared with the other quantities 
involved, and its omission is a matter of no serious importance. 

The former is of serious or minor importance according to ciroum- 
atanoes. For closure the influence of the friction head is relatively 
large at the start and decreases as the pipe Une velocity v decreases, 
Tanishing with v=0 at complete closure. The omission of the in- 
fluence due to friction will affect the course of the history of h 
during the closure and the final value to some extent, but in many 
cases not seriously. 

In general the error due to the omission of Motion will be more 
luid more important as the friction head is a lai^^ and larger 
fraction of the total head H. 

In the case of opening, the influence of friction is Tniniynnm at 
the start, when, as a rule, the greatest drop in pressure occurs, and 
increases, reaching a maximum with the final steady motion velocity. 
If the opening is from complete closure, the influence of friction 
on the maximum drop is relatively small ; if from part opening, 
the error due to its omission will be more significant, incsreasing in 
importance as the friction head is a larger and larger fraction of 
the total head ff. 

These general equations of Allievi have, however, for the most 
part, been put aside in favour of an approximate formula pro- 
posed by him and used currently by many engineers without a 
proper understanding of its derivation or limitations. These axe 
in brief as follows : 

We may write equation (42) showing the compoeition of ft in 
terms of the successive values of s as follows : 



Js-e,+a,~a,+^ic.\ ^^y 



Ja+ete./ 
• " AnnaU della SocietA degli Ingegneri," Eome, Vol. XVII, 1902. 
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Put f =a— ai+«j— «s+etc. 

Then remembering the special notation of Sec, 38 we shall have 
J',=«,— Sj+Sj— etc. 

Hence (80) becomes 

h=a{F-Fi). 

It is also evident by inqieotion that 
8=F+Fi. 

Now it is evidont that if F increasea uniformly with the time so 
must oIbo Fj, and so must also their sum or a. Likewise it is evident 
that F—Fy then becomes a constant quantity, or A— constant. 

It was then assumed that a uniform rate of decrease of valve 
opening, that ia a uniform rate of decrease in ni, as used in the 
present system of notation, will during the period from t=z to t=T 
result in a uniform rate of increase in F, and hence in a uniform 
rate of decrease in v and in a constant value of h. 

While it was recognized that these conditions will not be retdized 
with mathematical precision, it was assumed nevertheless that, 
for practical purposes, the time histories of v and A during the 
time period from t=z to t=T, may, with uniform rat« of valve 
closure, be taken as showing a substantially uniform rate of decrease 
for V and a substantially constant value for h. 

Similarly for opening, it was assumed that with a uniform rat« 
of valve area increase, the history of h after the first drop, will 
show a partial return followed by a nearly uniform value for the 
remainder of the time period up to t—T, 

A formula is then developed for the determination of this assumed 
uniform value of h during the time period from t=z to t=T. 

The formula itself is developed in terms of the ratio between 
the total pressm^ head, which we may here denote by y, and the 
original head H. In terms of the present notation we have then 



Next let a;=^ 



y=H ±h(oTmiim% 5- \ 



Then the following equation in x is deduced 

a;^-2:(2+»'')+l=0 
and of this equation we have the two roots 

x=^+\{n±y/^^A^) (81) 

where »=^ 

Of the two values in (81) the -f- sign applies to the case of closure 
and the — sign to that of opening. 

Begarding the two roots given by the -j- and — signs of the 
radical, it may be noted that their product is 1, so that if either 
is known the other may be immediately found. 
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The limitations in the proper uae of this formula arise from the 
fundamental aeeumption that a tiniform rate of valve movement 
will, for this period, determine a uniform rate of decrease in « or 
a uniform value of h. In some cases this will hold, at least approxi- 
mately. In others, as for example, in Fig. 49 the rate of decrease 
of V is widely divei^nt from uniformity, and correspondingly the 
history of h shows no approach to a flat top or nearly imiform 
value daring the time period t=z to t=T, Generally speaking, if 
the friction head is a large part of the total head, the history of A 
shows no approach to the form assumed for the Allievi formula, 
and the application of the formula to such a case will give a result 
widely divergent from that indicated by the more complete theory. 

In the case of valve opening, furthermore, the formula does not 
profess to give the value of the first extreme drop, but rather the 
mean of the subsequent history between t=z and t=T. Here 
again, however, where the final value of m is large, the history of 
y wUl show sm^ similarity to that assumed in the formula, and 
in such case Ukewiee the use of the formula will lead to a result 
having but remote relation to that indicated by the more complete 
theory. 

Warren's Fcpimola.* — Compkle Clomre. If we assume that the 
conditions of closure are such that the excess pressure rises from 
according to a linear law daring the time z=2Ll8 and then remains 
constant, we have the same general conditions as assumed in the 
Allievi formula. Warren, however; does not assume necessarily a 
linear rate of valve area closure, and rests these general aasumptions 
regarding pressure change rather on a certain amount of observa- 
tion of actual cases with v^ve areas controlled by governing 
devices in normal power plant practice, and in which cases the 
change in pressure closely fulfilled a program such as assumed. 

With this assumption the prindjide of impulse and momentum 
may be invoked to obtain a simple approximate value of the 
assumed constant excess head reached during the time period from 
t=z to t=T. 

Considering the mass of water in the pipe and nefi^ectang the 
relatively small amount which flows out dunng closure we have as 
follows : 

The avera^ force acting over the cross section of pipe daring 
time from (=0 to (=z is Awhj2. 

The uniform force acting during time from t=z to (=2' is Awih. 

The total change of momentum produced is LAiovJg. 

Then remembenng that the sum of the products of force by time 
during which it is in operation will equal the change In momentum 
produced, we have : 

Axohz , > ,™ , LAuXf. 
-^+AwMT-z)^-^ 

* •' Trans, Am, 8<k. C.E., 1910," p. 338. 
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This ia Wanea's formula. 

Obviously the litnitatioDB in the use of this formula are sub- 
stantially the same as for the AllieTi formula. Both assume (how- 
ever realized) subettuitially the same form of time history for A and 
where the circnmstances are such as to realize approximately such 
a form of time history, the formula should apply with close approzi- 
HLation. 

In other cases the results will be in error more and more widely 
as the form of history for h departs more and more widely from that 



If again, in this formula, we should assume T very long relative 
to z then the formula will reduce approximately to 

*=f" m 

which has been proposed as a formula for water hammer conditions. 

This is equivalent to asfiuming the value of h uniform throughout 
the entire period of closure, and on this assumption the formula may 
be directly deduced on the principle of impulse and momentum. 

It will be noted that this value is one-half that given by the 
Joukovsky formula. Obviously both cannot be correct, at least for 
the same case. As noted under the next heading the Joukovsky 
formula applies to one assumed history of h and that of (83) to an 
entirely different assumed history, while that assumed by Warren 
and AUievi is a combination of the two. 

Any one of these histories might by chance be approximated to 
in actual experience, but a study of the diagrams of A as developed 
by the use of the more complete theory indicates how small the 
probability of any one case conforming to any one of these assumed 
histories, and in consequence the remote chance that any one of the 
formulce based thereon could be safely employed in any given case. 

JookoTBby'B Fonnala.* — It is assumed (however realized) that 
the rate at decrease of velocity is uniform, or in other words that 
the rat« of increase of s is uniform. In such a case, as we have seen 
in Sec. 38, the history of k will show a series of slopes up and down 
from a minimum of to a maximum determined by the value 
reached at t=z. We have then simply to find the value at this 
instant t^^z as the maximum value reached during the movement. 

The rate of inorease of s will be vJT per unit time. 

The rate of inorease of h will be, then, aVg/T per unit time. 
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This rate is uniform from t=0 to t=z when the maiimnm value 
is reached. Hence for such maximum value we shall have 

»-'-?-^* (»*' 

which is Joukovsky's formtila. 

Vensano* hae extended this to a pipe line of T^^ing diameter in 
the form 2( £iVi+X,«,+.L,B,+e tc.) ,„, 

*= ^ (^> 

Where ijj, L^, etc., denote the lengths of the various sections and 
"ii Vg, etc., denote each the initial velocity of flow in these various 
sections. 

The limitations on the use of this formols spring from the special 
assumption made regarding the form of the time history of v. 
la Allievi's formula the afisumption is made that the change of 
velocity is uniform during the period t=z to t=T. In Warren's 
formula the assumption relates to the form of the time history of A, 
hut agrees in form for the time period z to T, with that aesumfld by 
Allievi. In the present case the assumption is made of uniform 
rate of decrease of v from the start of the movement. It is only this 
assumption which can justify the form of time history for h which 
furnishes the basis for the formula, and it is of special importance 
that such conditions should be fulfilled for the time period to 2. 

It may be shown, however, that at the most the condition 
EisBumed can only be approximately realized, and in no case will a 
uniform rate of valve doenre determine a uniform rate of velodty 
decrease, especially in the early port of the movement and hence in 
the time period to z. 

At the best, therefore, the special condition assumed as a basis 
for the development of this formula can be only imperfectly 
realized and in many cases the departure will be extreme. 

Generally speaking the greater H relative to L and the smaller 
the area of the valve opening compared with pipe cross section, the 
more nearly will the conditions here contemj^ated be realized. In 
inverse cases the departure from the conditions assumed may 
become so wide as to vitiate the formula for practical use. 

Formnlee Based on Ptlnciple ol Hass and Acoeleratioii. — Several 
writersf have proposed formulfc for ohange of pressure in pipe lines, 
baaed on the principle of mass and acceleration said ccmaidering the 
body of water within the pipe as forming a single mass subject to an 
accelerating head measured by k. 

In the development of such formulse we may convenienUy start 
with the fundamental equations (33), (36) as follows : 

*=m« (86) 

Mu*=H+h (87) 

• " Trans. Ara. Soo. C.B„ 1618," p. 185. 

t 8m porticularljr A. H. Gibson, "Water Hftrnrnw in Hydraulio F^ 
LuMo," Sew York ; D. Van Noatntud. 
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and to wliich instead of (34) we add the equation : 

^=^ (see Sec. 11 (n)) (88) 

Aasuming also uniform valve area oIoBtire, we have 

m=(mo-it) (89) 

The combination of these equations should serve to give a com- 
plete solution of the proUem, but, unfortunately, the resulting 
equation does not seem to admit of integration and reductiim in 
analytioal terms. 

H, however, the influence due to friction is omitted, the equations 
become amenable to treatment. In such case M becomes a constant 
and equal to I l2gfoad for (87) we have 

u'=2gf{H+h) (90) 

If then we combine (S6), (88), (89), (90), eUminating v and k, we 
shall have the equation : 

u^-2fkLa~2gfH=-2fL{mo-kt)^ (91) 

For 2gfH put its value Mo*. 

Also put fkL=P 

and ■y/P*+u^*=R 

We may then reduce (91) to the form 

t^" _ ^ ,92V 

{B+P-u) (fl-P+M) 2/L (m^-kt) ^ ' 

Reducing the left-hand member into partial fractions and 
integrating, we find 

Evaluating the above equation between u and Ug and reducing, 
-Mq / m^—kl \p 



B+P-u_S+P- 



Prom (93) or (94) it follows that when (=0, «=«(,. Again at the 
close of the full movem^t when t—ntQlk we shall have 

u=B+P=^/F^+^+P (95) 

From the form of (94) it is seen that u steadily increases during 
the movement of the valve, from its value «„=^2g/ff at (=0 to ite 
maximum (B+P) just at the iiistant of complete closure. 

The value of h follows directly from (90) : 

*=£,-^ (»«) 
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and hence A will increase continnoualy with v &nd will reach its 
maximam value with « at the instant of complete closure, or in 
the case of partial cloBnre at the final instant of valve movement. 

In the case of complete closure k=:mJT and with u=(B-\-P) we 
readily reduce (96) by Bubstitution of values, to the form 

*=^(a+p). (97) 

For the case of opening, the analytical treatment is in effect 
contained within that for closure aa above. It is only necessary to 
introduce a change of sign in dvjdt and in k, and to suitably interpret 
the terms of the preceding equations. 

We shall have then for opening, 

.o.(fei^:)-o.(f^).|.o.(^)...s, 

R-P-uB-P-u. / m, \f ^ 
Ji+P+« B+P+^,\m,+btJ '""' 

and l>=1-^j (100) 

If the valve starts from a nearly closed position then m^ is nearly 
0, and toward the close of the valve movement mJ{m^-\-ltA) wiU 
become nearly 0. Hence in equation (99) the last term approaehes 
aa^a limit as t increases, while correspondingly u will approach the 
limit (B—P), as shown by the-other members of the equation. This 
value is readily seen to be less than Ug. From the form of (99) it 
thns follows that u steadily decreases during the movement of the 
valve and with small tiif, approaches the value (R—P) as a limit 
when t is large. Hence, ae shown by (100), there will be a con- 
tinuous increase in the value of h (drop in head), and the maximum 
value will be reached at the close of the time T when the movement 
under consfderation is completed. 

From(lOO) we derive in the same manner as for (96) the maximum 
value of A, corresponding to u={R—P) in the form 

»-^(i!-P) .(101) 

For two cases, one of closure and one of opening, with the same 
values of P and B, and denoting opening and cloaure by sub- 
scripts 1 and 2, we have for the limit values of u and h : 

WjM3=ii»-P»=V=2B/H (102) 

We also readily derive the relation : 



^"■-{^y- 



-(*£)» (103) 



It must be remembered, however, that these limit values of A 
imply olosure either complete or nearly so, and opening from full 
closure or nearly so. 
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Tbe rapidity of approach of u and A to these limit valtiea ^7111 

depend on the cirooinBtances of the case. Generally u and A wiU 

approach more quickly and more neaiJy to their limit values with 

Headflorug . large 

T . . long 

Valve area . small relatiTe to pipe cross section. 

In the case of Tslve opening, as shown by (98), with small Yslnes 
of mg, the Tsloe of h rapidly and closely approaches its limit value, 
and as mg becomes smaller and smaller ^e rapidity of approach 
beconies rajttdly greater. When mo=0, that is when the valve 
starte from the shut podtion, the approach to the limit value is 
inatcuitaneous, at least so far as indicated by these equations. In 
such case, therefore, the value of A would hold substantially uniform 
during the period of valve movement at the hmit value, and the 
velocity in the pipe line would be given substantially by the 
equation : v=mu=kt{S~P) (104) 

It should be noted that this value api^ies only in the case of the 
valve starting from the closed position. 

As the value of m^ is relatively lai^ger ; that is, as the valve 
starts from a position more and more open, the growth oi h (drop in 
pressure head) is relatively less abrupt and the actual value realized 
at time T iaa smaller fraction of the limit value, as in (101). 

A comparison of (97), (101) with the Allievi formula, equation 
(81) leads to the surprising result that when expressed in terms of 
the same quantities the two formulae are identical. Equations (97), 
(101) express the maximum or limit values of A based on principles 
of mass and acceleration alone and without reference to the forma- 
tion or propagatJon of acoustic waves. Allievi's equation starts 
with the same fundamental theory as developed in Sees. 38, 41, but 
as the result of the process of development with the introduction of 
special or limiting assumptions, the same ultimate expresEdon as in 
equations (97), (101) is reached. 

Obviously the same limitationa regarding the use of (97), (101) 
apply, as in the case of the Allievi formula, and as noted in connec- 
tion with that formula. 
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CHAPTER IV 

STRESSES m PIPE LINES 

44. Introduction 

is approacbiiig this subject we must first inquire as to the sources 
of load capable of producing strees. 
These are as foUovs : 

1. Internal pressure. 

(a) Balanced. 
ifi) Unbalanced. 

2. Weight of pipe line or element under consideration. 

3. Weight of water contained in pipe line or element under 



BaJancad internal pressure implies uniform pressure in opposite 
directions over equal projected Bjeas, as in the case of a completely 
closed chamber or on opposite sides of a pipe. It is well knovn 
that such a load, in an element with circolar cross section, pro- 
duces tension alone. Where the cross secticHiis uoo-circular, biding 
moments involTiug tension, compreeaion and shear will be com- 
bined with the tension arising directly. 

Unbalanced internal pressure implies a condition of unbalanced 
force so far as the element under consideration is coocemed, such 
unbalanced force tending to displace or separate the element from 
the remainder of the system or from its environment or attach- 
ments. The stress developed by saoh unbalanced pressure may 
be tension, bending or cross breaking, shear, or compression and 
in all comhonations according to the details of the case. 

In discussing stresses developing in the«e various ways in pipe 
lines we find it convenient to confiidei different oomlniiationa of 
conditions as follows : 

Two oonditions regarding distribution of preesore. 

(a) Statio or no fiow. 

(6) Steady filow. 

We may properly assume that in all cases the traoByeree dimen- 
sions (diaineter usually) will be so small compared with the head 
involved as to permit of assuming the pressure uniform over any 
given cross section of the pipe or pipe line element. Regarding 
vertical extension, however, we may have the two oaaea : 

(c) Element or system under consideration sabetantially in (mw 
hcmzoutal Tdane. 
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(d) Element or aystem under conmderation extending over 
considerable diSerencea of horizontal level. 

It results in oase (oc) that the pressure may be taken as uniiorm 
over any section involved and in general throughout the system. 

In oase (be) the diSerenoes in iH«ssuie at different sections will 
be due to changes of area and hence of velocity, and not to changes 
of level. Also we may take the faessuie as uiuform over any given 
section. 

In case {ad), depending on differences in level, there will be 
differences in static pressure thronghout the system. 

In oase {bd), likewise, there will be differences in pressure due 
U) changes in level as well as changes in velocity. 



46. Ring Tension in a Cylindrical Pipe or Element 
WITH Circular Cross Section 

We assume static conditions (a) above. The pressure under 
conditions of flow will be less than under conditions of rest. In 
this case, furthermore, the question of vertical extension enters 
only as a factor in the intensity of the pressure. 
Let jO— diameter (i). 
(^thickness (i), 
p=int©mal pressure (pi2). 

T^actual working stress in longitudintd joint (pi2). 
e— efficiency of longitudinal joint, 
llien the familiar formulee of mechanics give us the following : 

2et 
2teT\ 

p=-d\ 

It should be noted that whenever a pipe or pipe line is under 
pressure, the ring tension stress is always operative. 



,.(I) 



46. Longitudinal Stress 

We assume conditions (a) as above, and for the reasons cited in 
connection with ring tension. The fuD longitudinal stress in a 
pipe is only developed when there is a cap or closure across the 
section or in the case of bends, angles or turns ; and in all oases the 
pipe must be sufficiently free from ext^nal constraint to permit 
loi^tudinal movement under the end jweesure developed. A 
typical case of longitudinal tension is furnished by a pipe closed 
at the end with the end free to move. 
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BTRESSES IN PIPE LINES 
Under Uuee conditions the formula of mechanics give ob 



The notation in these equations is the same as for ring tension, 
except that T and e must be taken as relating to the circumferential 
joint. 

These latter equations show the well-known fact that, other 
things equal, the longitudinal stress on a circumferential sectiim 
is just one-hidf the circumferential stress on a longitudinal section, 
or that the ring tension is just twice the Itmgitudinal stress. 



47. Stresses Due to Angles, Bends and Fittings 

In approaching this subject it is first necessary to consider the 
character and measure of the load which may be thrown on a 
pipe line as a result of the internal pressure on such elements of 
the line. The load wiU be represented by certain onbalanced forces 
acting between the angles, bends or fittings and the remainder of 
the line, and as a resist of which, stress will be developed either 
in the line itself or in some form of anchor or tie which is intended 
to carry such load and thus relieve the line. It will be necessary 
here to consider the four combinations of conditions, (oc), (ad), 
(&c), (&d), as noted at the opening of the chapter. 

Ca«e (oc). Static Coiiditi<ms v^ Inflaence Doe to DiOerencea ol 
Level Insignificant. — It is well known from mechanics that a com- 
plete enclosure under uniform intemi^ fiuid pressure is in complete 
equilibrium under the forces developed by such pressure. That is, 
no condition of internal fiuid pressure can develop any force tending 
to move the enclosure as a whole. Parts or elements of pipe lines, 
however, are not completely closed. Such a part or element of 
a pipe line ayBtem presents therefore an incomplete enclosure under 
internal fiuid pressure, and as a corollary from the equilibrium of 
a complete enclosure it follows that an Incomplete enclosure will 
not necessarily be in equilibrium. It follows, further, that the 
forces required to maintain the part or element in equihbrium will 
be rejH^efiented exactly, both in m^^tude and direction, by the 
fluid pressures over the areas which would be required to com- 
pletely dose such part or element. This conclusion apphes to any 
part or element of a pipe line such as an individusd pipe or part 
thereof, au angle, Y In^ch or valve body. Hence we deduce the 
following broad proposition. 

Assume any part of any pipe line system under uniform pressure. 
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Then the reaultant forces, due to internal floid pteemae, will be 
represented in magnitude and reversed direction by the fluid jsea- 
Buie over the weas which would be required to make of such ele- 
ment or part a complete endoBure. Conversely the forces or 
Byetem of forces required to maintain such an element or unit in 
equilibrium will be represented in magnitude and direction by the 
fluid pressures over the areas required to produce complete cloaure 
and without reversal. 

This may be illustrated as in Fig. 87. Let AC denote a straight 
ooiform l^igth of pipe. Then ^e areas required to close the 
system would be represented by AB and CD. Henoe the force 
required to maintain eqnihbrium would be represented by the 
fluid prragnres on the sections AB and CD. But tjiese are equal 
and opposite. Henoe the force is zero and the section of pipe is in 
equilibrium, a well-known fact which common sense readily tells us. 



Again, take the part^between C{and E. Here the doeing^areas 
will be sections CD and EF. The pressures are equal and oppo- 
site in direotion, but do not act along the same line. Hence to 
nudntun equilitoium there will be required a couple with OH as 
arm. The resultant force on the section itself is, of course, measured 
by a couple equal in amount and opposite in direction. The re- 
sultant force on the section is ther^ore a couple mea^nred by 
pitD^jixOH, and tending to turn the element in a clockwise 
direction. 

If instead of a pipe of uniform section we^have a dlSerence 
between the two areas as at AB and CD (Fig. 88), we shall have 
two forces oppodte in direotion, but unequal in value, and the 
resultiuit will be a force and a couple. 

Again, take the element of line between EF and IJ (Fig. 87). 
Denote iar convenience the tot^ pressure over a cross section of 
the pipe by P. Then the balancing system will be represented by 
two forces P and P apphed at tiie om.tres of the sections SF and 
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IJ. Theee may, of ooorse, be readily comlinned into a single re- 
Bultant meaaured by 2P mn 0/2. This leverBed will then be a 
measure of the r^niltant acting on the element and along the line 
KL. 

Again, vith an element containing a Y brtmch such as IJMO, 
we sh^ have three sections IJ, MN, OQ and three forces, and 



h J-^-i-i^L — 




a oombined resultant according to the methods of elementary 
mechviioe. 

Again, suppose we shotQd consider a p^t of a straight length 
contained between two oblic|Vie imaginary planes such as EF, 
QH (Fig. 88). Then the dosing areas will be two ellipaee of area 
{nD^ coseo fl)/4, and the forces required for eqmlibrinm will be 




N\\n//// 



measured by the {sessure p acting over this area. This wfll give 
the forces IJ, KL, or by transfer and composition, a sinf^e resoltant 
MN. The torce e^irted on suoh an elemeait wUl tl^ be equal 
and opposite, or MP. 

Disbibation ol Unbalanoed Fresmie^aloiig s Pipe Bend. — The 
analysis developed above serves to determine the unbalanced load on 
the bend as a whole. It becomes of interest, however, to determine 
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likewise the law of diatribution of this unbalanced load along 
the line of the bend. Thiu referring to Fig. 89, let AB denote the 
bend with short Btraight lengths at each end. Let CDEF be a 
small element of the bend and S the corresponding angle. Then 
from the principles above developed we ahall have for the resultant 
unbalanced pressure on this element a force hF measured by 

80=2p.d sin -^ 

where p^preflsure in pipe and j4=cro88 Bectionat area. Now if 
Sflis small, sin S 0/2 approaches S 6/2, and hence for a small element 
we shall have SC=P-d8»- 

Now let Sa=lengtfa of arc of mid cm^ature for the element and 
f> the radius of curvatuie. Then Sd^Sa/p. Hencewehave 

S0=^^ (3) 

P 
At the limit when 2 6 and 8a become difieientials thin relation 
becomes exact, and we have 

^=£^ (4) 

P 

Expressed in words this tells us that the bend un^r these con- 
ditions is subject to a distributed load applied in the direction of 
the radius of curvature and proportional at any point directly to 
the product 'pA and inversely to the radios of oorvature p. In the 
case of a circular bend p will be uniform, the radius of the bend. If 
non-circular, the intensity of the load will vary inversely as the 
values of p. Furthermore, it appears that for any small element of 
length along the mid-curvature line M, the resultant load is 
measured by the product pA multiplied by the length of the ele- 
ment, and divided by the radius of curvature p. 

Thus in the case of a bend 21 inches mean radius in a pipe 10 
inches internal diameter, and under a pressure of 100(pi2) the un- 
balanced pressure load per inch of length on the mean radius wiU be 

A pipe bend under these conditions is therefore to be treated 
simply as a curved beam subject to a distributed load determined 
in accordance with (3) or (4), and with end reactions determined 
as previously developed for the bend as a whole. The case becomes 
reduced, therefore, to the mechaaics of the beam and need not be 
considered in further detail here. It may be pointed out, however, 
that in the case of a bend of uniform radius attached rigidly to the 
tangent pieces at the ends of the bend, the unit load, measured as 
above, will r«iult in longitudint^ tension only, measured by the 
total load j^A. That is, while the condition of the bendis exactly that 
due to a distributed load applied along the radius and measured 



ty Google 




STRESSES IN PIPE LINES 165 

as in (3) or (4), nevertheleeB the result of this is, when the ends are 

anchored, to produce simply a tensile stress in the bend. It is in 

fact readily seen that the case is entirely similar to that of a chamber 

of circular cross section under fluid pressure, and in which, as is well 

known, the shell is subject to tension 

only. In the case of the bend the 

load 'pAjp tabes the plaqe of the 

pressure in a cylindrical shell, and 

with the result of a pore t^imonal 

stress measured by the load pA divided 

by the cross section of the metal. 

If the ends of the bend are not 
rigidly attached to the rest of the line, 

or in any event it they are not con- _ 

strained by forcra havii^ longitndmal pjg. 90.— Bbsth/tamt Fobch 
components and which can therefore os Pipb Line Elbmbmm — 
balance the end pulls /pA, the case Static Conditionb. 
becomes entirely changed and cross- 
breaking stresses may develop. Further reference will be made to 
this case in Sees. 49, 60. 

Case {ad). Static Conditioiui with Infinence Dae to Diflerencei fA 
IiBTel Sisnifioant.— Let AG (Fig. 90) denote a part of a pipe line in 
which we cannot assume the pressure as uniform throughout. 
Assume ideal planes AB and OD forming a complete encloeore 
of the part under consideration. Now from hydrostatics we know 
as follows : 

1. In a completely closed chamber under hydrostatic pressure 

there is no resultant force in a horizontal direction. 

2. The only resultant force is in a vertical direction, and it is 

measured by the weight of the liquid. 

3. The centre of application <rf such a resultant gravity fcffce is 

at the centre of gravity of the liquid or at the centre of 

volume of the enclosure. 
It follows that if the chamber of enclosure is not completely 
closed, the total unbalanced system of forces will consist of two 
parte : 

1. The gravity component vertical in direction, equal to the 

weight and parsing through the centre of volume of the 
chamber. 

2. Pressure components represented by the pressure ov«t the 

various openings, reveried in direction. 
Thus in Fig. 90 the resultant will consist of the vertical gravity 
component Q acting downward, the pressure component Px over 
the area AB acting to the right and the pressure component P^ over 
the area CD acting upward. The unit preBsures over AB and CD 
will in this case be difierent, and P^ and P^ must be computed 
accordingly. We are therefore led to the following general propo- 
sition, which indeed will include both oases iflc) and {ad). 
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Given any part of & Bystom of pipes, oonnectiona, fittings, etc., 
noder bydioetatio pressore. Then for such part of the system we 
may represent the unbalanced force system as follows : 

(1) Draw a rertical line downward tlirongh the centre of volnme 

under consideration, and of length proportion^ to the 
weight of the water or fiuid contained. 

(2) Assume imaginary planes dosi^ all openings, thus giving, 

constructively, a completely closed volume. 
{3) Through the centre of pressure of each such area draw a line 
at right angles to the plane of the opening directed from 
without inward, and of length proportional to the total 
pressore on such area. In ordinary oases the centre of 




pressure may, without sensible enor, be taken at the centre 
of gravity of the area. 

The system of unbalanced forces will then be represented by the 
forces denoted by the lines (1), (3) above, which may be combined 
into a single residtant or a single resultant and a couple or treated 
as may be desired by the methods of elementary mechanics. 

Ca»e {be). Steady Flow Conditioiis frith Influence Doe to Difler- 
enoM ot Level Insignificant.— In order to determine the reaction 
betwem moving water in a pipe and the containing pipe, we 
may conveniently resort to a fundamental principle of hydraulics 
which may be stated as follows (see Appendix III). 

In any hydraulic system containing water in motion, and where 
the dimensions are such that we may ne^eot the weight of the 
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water ae such, the force reaotioD of the water on the Bystem will be 
given by the vector sum of the following systems of forces : 

(1) The total pressures over the ideal sections bounding the 

system or element, reckoned from without inward and 
comMned as vectors. 

(2) The sum of the momenta per second at inBow and outflow, 

the former taken direct and the latter reversed (md all 
combined as vectors. 
In the case of water at rest system (2) disappeaxe and we have 
left simply s^tem (1) which reduces the case to one of static equi- 
librium as discussed under case (ac), luid by the tud of predisely the 
same principle. 

This proposition holds for cases including friction, so that it we 
know the conditions of Sow, the force reaction between the water 
and^anyjpart or the whole of the syateni may readily be determined. 

jv a:. 



FlO. 82.— RKSTJI.T4MT FOBCE OS PiPK LiNB Elbmbnts — 

Flow ntoH Ofxn Rebebvoib. 

As an illustration of the proposdtJon in this general form let 
ABDG {Fig. 91a) denote an element in a pipe line system through 
which water is flowing in the direction from AB to CD. Let p, v, A 
and M with subscripts 1 aad 2 denote respectively the pressure, 
velocity, area and momentum at the sections AB and CD. 

From the centre of the section AB we then draw lines EF asid EQ 
respectively in the line of flow and perpendicular to the plane of the 
section. Lay ofi on these lines distances EF and EQ, representing 
I6^>ectively My=wAjV^lg and P^^pyA^, and find the resultant 
EQ. A similar construction at CD gives the resultant HS. The 
two resultants intereect at 0. Then lay ofl OQ^^EQ aaid OS^^HS 
and find the final resultant OR as representing in magnitude and 
direction the total reaction of the water on the element in question. 

Usually the bounding sections AB and CD may be taken per- 
pendicular to the lines of flow, simplifying the construction as in 
Fig. 916. 4ii 

Certain special applications will be of further interest. 
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Thm in Fig. 92 let the pipe AC be dischat^g throngli the area 
CD=A with velodty v. In this case in order to complete the stream 
line system we most inu^ine stream lines continued from A and B 
up to the Borfaoe of the water as indicated by dotted lines. Then 
assoming discharge at CD into the atmosphere and measuring 
pressure above the atmosphere, we shall have p=0 ot^ both faces 
NN Mid CD. 

Again the momentum at NN will be aensibly zero while that at CD 
will oe M=v)Av*jg. The reaultuit of s^Btems (1) and (2) will there- 
fore foe a force wAv^Jg directed from right to left, or in the direction 
OA, and measuring the reaction of the water on the system. 

lliese relations are indicated by the vector diagram whwe 
.N 




OA=reaction of water on system and OQ=oppoeite and equal 
reaction of system on water. 

Furthermore, if secondary losses aire neglected we shall have 
v^}g=2H and f =2w^H=twiGe the static pressure over the area 
of disoharge. 

This is an expression of the well-known relation that neglecting 
losses due to friction luid turbulence, the dynamic pressure due to a 
jet or stream is twice that of the static head necessary to produce 
the velocity of discharge. 

If we have an elbow in the discharge line, as at C (Fig. 93) then 
using the same method aa before we find the total force reaction 
measured by OR=F=wAv'*lg and as indicated in the vector 
diagram (a). 

For bH cases where the system considered extends from a. reser- 
voir where the water is at rest, to one or more pointe of free discharge, 
it is clear that system (1) of the forces enumerated above wlLL dis- 
appear and that the force reaction on such system will be measured 
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by force system (2), tbe reenltant of the forcea repieseatmg the 
reversed momentam per second at the point or points of dischai^. 
Thus let Fig. 94 lepreeent a pltm view of a Bystem including reservoir 
and three disohai^ outleta. Draw lines from outleta 1 and 2 in the 
line of discharge and extending back to a point of intersection 0. 
Then lay off forces OA and OB to represent the reversed momentum 
per second represented by the discharge from these orifices. Find 
the resultant OP and draw the line through the discharge orifice 3 back 
to an intersection 0,. Then from 0, lay ofi 0[Pi=OP and OiC= 
reversed momentum per second for raifice 3. Then the resultant 
OiR will represent the final teeulttuit force reaction on the system. 
These methods may be applied to any oombination of elements 
involving a reserrtnr wid one or moie discharge orifices. 
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Let us consider next the elbow C (Fig. 93). If we assume free 
discharge into tbe atmosphere the pressure over the section FQ will 
be sensibly zero. Hence system (1) of the forces will disappear and 
we shall have the vector diagram at b, where 0^= vector value of 
M at FQ, OJS=reversed vector value at DE, and Ofi=force 
reaction on elbow. Note again that OR will here be twice tbe value 
of the displacing force found for the same elbow under static 
conditi<ms. 

Next let the elbow C be fitted with a nozzle DE (Fig. 96). This 
will reduce the velocity of flow through the pipe and elbow and 
de<a<ea8e the friction loss with corresponding increase in pressure. 

The total force reaction wiU be found in the same manner as for 
Fig. 93, but its value will not be the same. The relation between 
the force reaction and the size of the orifice will be conaideied at a 
lat^ point. 

Taking first the elbow C between FG and IJ we shall have over 
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the two areas FQ and IJ a preaaore P=pA, sensibly tbe same in 
nnmerioal valne and related as at OA, OB in the vector diagram at a. 
We also have M at inflow direct ret^eeented by AC and M at oat- 
flow reversed represented by BD. These combijie together and give 
a final leeultant OR for the force reaction on the elbow. 

To find the value of OC=P+M we have, in the general case, 
including friction, the relation 

2? C^) 



Then 




FlO. 95. — BxaCI/TAHT FOBOE ON PlPE LiHE ElEMENTB 

DiBCKABGx ntoH Open Bxbxbtoik tbbouob EiiBow 

AND NOBISLE. 

This eqoatiim shows that the value of P-\-M will increase or 
decrease or remain independent of v according as the parenthesis 
(l/2y-L/CV) is +, -,orO. 

Again, it should be noted that the total resultant OB may be 
viewed as the resultant of the two components (P+M), one hori- 
zontal and the other vertical, acting jointly on the elbow G. 

N^ext if we include the elbow and nozzle as one element, we shi^ 
have the same horizontal components P and M denoted by OA kdA 
AC {Kg. 866). 

For the preasure at DE we shall have zero and for the reversed 
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momentam a value M^ repree«it«d at OB, greater than M by 
reason of the smaQer area and higher velocity. We shall then have 
the Snei resultant OR representing the total reaotion on the combina- 
tion of elbow and nozzle. 

Again, if we lay up OD (ffig. 96b)=sOD of a we shall have the 
difference DB as tJie measure of the reaction between the nozzle and 
the elbow. 
To determine the measure of these forces we proceed as f oUowb : 
Let a=area of nozzle. 
a/ A =m. 

/=efiScdenoy of nozzle. 
«=Telooity throogb nozzle. 
v=velo<nty along iripe. 
We have Mi=wau*lg=u)Amu*lg. 

We may find u aa in Sec. 17 and thus express Jf j in terms of the 
conditi<HiB <rf flow. This wiU'give 

wAH (2mf) 

Jf.= , , 2gJXm' (6) 

^'^ C*r 
We may next exgaee (P-f Jf ) as in (6) but subetitntii^ for v its 
value mu, determined as in Sec. 17. This will give 






igSLa' 



Denoting the denominator in (6) by B and lednoing we may 
expreas tlieee values as foUows : 

«. B 

Hence (P+Jt)-if.- °'^^"+^^-^^ (8) 

The values of m and / are always less than 1 , and it is readily 
shown in such case that the parenthesis in (8) is always positive. 
Hence P-\-M is always greater than My and the difference gives the 
reaotion of the nozzle, which is always downward aa we should 
expect. 

An intM«8ting question arises as to the condition which will make 
M-i a maximam in any g^ven case. It will be clear that with a very 
large or rni neariy 1, the velocity through a will be limited by the 
friction loss in the line. With a small v^ue of a the velocity along 
the line will be less, the friction loss less and the discharge velocity 
greater. It may thus result that the maximum vidne of Jfj, the 
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reootion on a line fitted with a diaohiage nozzle, will not be found at 
the pcdnt ol fall opening. 

Taking Jf ^ oa in (6) and oonradering m a variable we readily find 
by the usual method for maximum and minimum the value 

■ •"=^/l "> ■ 

This gives the value of a in terms <^ A tor the maximum value of 
M^. It is also readily shown when this condition is realized that 

M=V^ (10) 



2L" 



.(11) 



and ^=£rictioahead=5 (12) 

It is dear that, as defined, nt is always less than 1. Hence in 
order to make such a mATiTnnm value of the reaction possible, we 
most have, from equation (9) L'>G*r{2gf, Otherwise as tn is 
increased from we should simply have a continuously increasiiig 
value of the reaction up to the point of m=l or full opening. 

Again, since the impulse of a stream on a Gxod bucket, as in the 
case of an impulse water-wheel when the latter is at rest, is directly 
proportional to the reaction on the nozzle and pipe line, it follows 
that the above values determine the conditions for maximum 
starting torque on an impulse water-wheel. It is of interest to 
compare these relations with those of Sec. 20 giving the conditions 
for maximum power. 

Com (bd). Steady Flow C<mditi<ms irith Inflaence Dne to Difier- 
enoM ol Level Significant. — ^Tbis is the same as the last case, but 
with the addition of the efiect due to gravity on the water over 
considerable variations in level. 

Reference is made to this case in Appendix II, We proceed as in 
the case (be) but add a fourth system of forces representing the 
weight due to gravity aotii^ vertically downward with the other 
systems as in the preceding case. 



48. Load Due to Weight of Pipe or Element, 
and also of contained water 

The weight of the pipe or element and also that of the oontuned 
water must, of course, always be supported. As to whether they 
will join in forming a stress- producing load in such degree as to 
require recognition will depend on the circumstancee and geo- 
metrical arrangement of the pipe system and its supports. Generally 
speaking, the effect of gravity in jKoducing pressure within the pipe 
line or pipe line dement wiU be accounted for by the principles 
and methods already devdoped. When, however, the horizontal 
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dimensioDB of tbe element or system tinder consideration are of any 
considerable extent, the weight of the element as a structure and the 
weight of the contained water must be included with other forces 
due to unbalanced {oeesure in order to find the final load. These 
loads due to weight are readily found and combined with the load 
due to nnbfdanced preesuies by the principles of elementary 
meohanica. 

49. Stresses in Expansion Joints 

The princiides previously developed find an important application 
in the case of expansion joints. Thus if the joint ia made up, as in 
Fig, 96, with the internal diameter for the flow of the water equal 




Fia 97 —Expansion Joint 

throughout to that of the pipe except tc^ the part between AB and 
CD, then it is clear that there will be a force tending to separate the 
two members of the joint and measured by the nnit pressure p 
multiplied into the area of the annular ring of metal at CD. In the 
case of large pipes this might rise to a force of very considerable 
magnitude. Thus if diameter=48 inches, thickness of metal= 
I inch and p=100(pi2), we find the total load as abOTe=15,000 
pounds. 

If the metal of part F ia relieved between A and E aa indicated 
by the dotted lines, such rdief will make no difference in the 
resultant load tending to separate the parts of the joint. It is 
readily seen that the pressiires on the two additional shoulders thus 
formed will be equal uid opposite and will balance each other on 
the piece J". 
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On the other htmd, if the outeide diameter of the sliding member 
H is made equal to tJie intranal diameter of the pipe, as in Fig. 97, 
it IB clear that there will be no axial force on the part F due 
to the liquid pressorea at the joint, while the axial pressures on the 
part H will just balance and theie will therefore be no resultant 
force tending to separate the two parts of the joint. 

If, again, the internal diameter of the pipe D is made greater 
than the outdde diameter of the slide H, the Uqoid jHreesnies wiU 
give a resultant tending to ptish S into F, producing a t^imon which 
must be carried by the pipe tying to the right. * 

Theee oases all develop as simple applications of the principles 
already discussed, and no matter what may be the form or dedgn 
of an expansion joint, the use of these principles will serve to give 
the reanltuit of the liquid preaaures at the joint. 



50. Combinations of Bends or Elbows with 
Expansion Joints 

Caaea of some interest may develop as the result of the combina- 
tion of expanaion jointe and bends or elbowa. In considering such 
cases it must be borne in mind that the es^pausion joint virtually 
cut« the pipe at the joint and that no longitudinal streaa or support 
or constraint can be tnuismitted from one member of the joint to 
the other — at leaat so long as no additional guard bolta or oth^ 
members are fitted. Actually, e^umsion jcnnte are very commonly 
suppUed with bolta connecting the two members and allowing a 
certain limited degree of freedom, but i»eventiDg the complete 
separation of the two parts. In tins manner, and between fixed 
limits, changes due to temperature may be accommodated while the 
two memb^ of the joint cannot become entirely disconnected. 

Holding in mind the inability of the expansion joint by itaelf to 
transmit longitudinal force, together with the hydraulic principles 
discussed in the preceding sections, the various cases wiU admit of 
simple treatment. 

Thus in thecase of a bend, aahtAB (Fig. 98a), fitted with expansion 
joints at A and B, the resultant force on the bend will be readily 
found by a simple appLioation of the princiiJ,eB of Sec. 47, ease (oe) 
or (6c), as may be required. This force will then be represented by 
some resultant KL and which must be carried by reactions at the 
ends A and B. These end forces or reactions cannot be longitudinal. 
They will instead devdop as side pressures between the two parts of 
the expansion joint. Taking these reactions at right angles to the 
pipe at these points, we have then the bend acting as a beam under 
a hydraulic unbalanoed pressure load distributed over the curved 
portion, and supported 1^ two forces acting at right angles to the 
pipe at tlw expansion joints. The total amount en the unbalanoed 
pressure load a readily found as developed in Sec. 47, and this will 
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Borre, as in tlie usaal manner with beam |nroblema, to determine the 
end reaotioas at A and B. The diHtrihution of the load is deter- 
mined as in Sec, 47 and ia represented by a force acting along the 
radius equivalent to a pressure pA{r per unit length of arc, vhere p 
is the preasure in the pipe, A the cross-sectional area and r the 
radius of the bend. 

In this mumer the distribution of the load and the end reactions 
become known. The entire problem becomes, therefore, reduced to 
the mechanics of the beam, and need not be here treated in further 
detail. ' 

It may be stated, however, without present proof that the 
maximum bending moment at the middle point of a circular bend 



^'"^ 



Fid. 98. — Expansion Joints Cokbihkd wi^ Elbow. 



as developed by the apii^oation of the mechanioa of the beam to 
thia problem is shown to be 

'• -008 fl\ 



„ . /l-008fl\ 



where r=mean radiua of bend and 0=half an^ of bend. 

For a 90° bend or elbow, as in I^g. 98a, this becomes : 
M=-il42prA. 

Thus with a 90° bend of 24 inches mean radios in a 10-inch pipe 
under a preasure of 100(|h2) and with the ends carried in sUp joints, 
we shall have for the maximum bending moment at the middle of 
the bend the value : 

ilf =-4142 X 100 X 24 X 78-64=78,000. 

With metal about ^-inch thick this would result in a stress of 
about 1800(102} in the outer fibre, a stress, therefore, by no means 
serious in itself. 

In order that an elbow, as in Fig. 98a, may have support as 
assumed, the ppe must be tied or supported near the sHp jointe ; 
otherwise the parte of the joint would separate completelv. 

If an elbow is fitted with a single slip joint, as in Fig. 986, the 
condition as regards bending moment on the elbow is indeterminate. 
This results from the fact that the end reaction at ^ is indeterminate, 
dependii^ on the stretch uid fiexihihty of the pipe at B. The total 
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force on the elbow will, however, be rei^eseiited by n reBTiltant KL, 
found OS in See. 47, ajid the oompcment of thia p^^iUel to DA will 
give a force which will tend to separate the parta.of the joint and 
which moBt be canied by eome tie or support near B or else by gaard 
bolta at A jHVventing movement beyond a certain limit. 



61. Case of a Long Pipe with Open ends Carried 
IN Slip Joints 

An interesting case is presented by a slightly bent pipe, such &a 
AB (Fig. 99), with the ends carried in slip joints and not maintained 
rigidly in Ime. We may thus assume the possibility of the pipe's 



Fra. 99. — BaauLTANT Forok c 



LoMQ ^LAamc PiP>. 



asBuming the form of an elastic curve as indicated in the figure. The 
balancing forces in this case will be repr68ent«d by two forces P, P 
acting over the end sections and directed from within outward. 
Hence the resultant force on the pipe itself will be repreaeated by 
two equal forces PP acting over the end sections and directed 
opposite, or from without inward. TMb places the pipe exactly in 
the condition of a curved column carrying on the end a load P. 
We may also consider the pipe as in the condition of a beam 




Pio. 100. — RuatTLTANT Force on Lokq Ei^stic Piwc 



loaded transversely with a distributed load, the resultant of which 
will be the same as for the two forces PP applied at the ends as 
above noted. 

The law of distribution of this load has been determined in 
Sec. 47 and is given in equation (4). We have, therefore, for the 
transverse load Q per unit length along the pipe or beam the value 

e=^ (13) 

or, as noted, the tnuuvOTse load varies along the line of the bend or 
onrve, inversely as the radius of curvature of the bend. 
Turning again to the jnpe as a whole, the resultant of the' two 
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forces P acting on the ends and along the line ol the axis at the ends 
will be giv€iii by a construction, oa in Fig. 100, and measured by 
R=2Ptanh9. 

This resultant will tend to bend the pipe stiU further, and the 
actual result will depend on the relation between the magnitude of 
the resultant B, the law of the distribution of the actual forces along 
the length erf the pipe, and the resistance of the latter to. bending. 
The pipe may therefore be considered as in the condition of a 
column subjected to an end thrust P and Hable to yield by buckling ; 
or otherwise, to a beam subjected to a transverse load varying 
inversely as the radius of curratuie of the pipe. 

In order to develop the question of the relation of the strength of 
the pipe to the magnitude of this transverse load, we may employ 
the w^-knowu relations in the theory of elastic beams between load, 
shear, bending moment, slope and deflection. 

These are embodied in the following equations : 

Let Q=load per unit length. 
S=shear. 

Jlf =bending moment. 
fn=tangent of slope from straight line, 
jf =deflection from straight line. 
/=moment of inertia of section. 
£=coefficient of elasticity. 
a;=distance along pipe. 
ii=l6ngth of pipe. 
j)=unit prepare in pipe. 
7>=diameter of pipe. 
t== thickness of wall. 

Then 8^\Qdx 

'=fjf<ir 



Or conversely. 



Eli 
= \mdx 



. (U) 



d'y_<lm M 

dh) d'm I dU S 

dx'~dx' EI ikc~EI 

d^ dhn 1 i'pi ± dt_Q^ 

iaf it" El ix' °°« Ins EI 



.(16) 
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Now vhen the radioB of corvatare /> of a beam is large and the 
corrature small, as we may jwopetly here assume, we have, by a 
weU-knovn property of jdaiie carves, j. 

''"^ 

For a curve such as Fig. 101a, where y 
ia taken positive, downwiurd, d*yjdx' and 
hence p will be negative. The negative 
sign here is to be considered simply as 
having a directive signifio^ice. Hence 
in expressing Q in terms of P and p 
from (13) we must give p a negative sign 
in ordJer that Q and P may both be con- 
sidered positive. Having this algebraic 
relation in mind, we have, therefore, 

, ^-r-^S <"» 

Elastto Pim:. Ajgo ■„q have in general (see (15)) ; 

«=^^ <") 

It will be noted that of these two equations (16) is restricted to 
the special case which we are here considering, while (17) is general. 
Combining we have 

da* Eldx* 
Whence integrating twice, we have 

d^ 

dx''^ EI" 

The solution of this equation is the weU-known sine curve, which 
we may take in the form 




Pio. 101. 
RmttLTAMT FoKcx o: 



-my <i8) 



.(19) 



Then differentiating twice, we have 

dV Of' . 't* 

d's »■ 
"" &— £# 

Comparmg (18) and (20), WB have 
L' 



=pj- 
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Let Di tuid i)| denote the external and internal diameteiB of the 
pipe and t the thickness of metal. Then we shall have 

^=D^' <21) 

64 
Where ( is very snudl oompared with the diameter we may take a 
metui value between D^ and Dg and reduce the value of / to /= 
vDHj9. Substituting in (21 ) and reducing we find the approximate 
value : 

y-t?^ (22) 

Turning now to (19) ae the equation to the form aaaumed by the 
pipe, and taking successiye derivaUvea, we have from (16) the 
following : 

itx 
y=aBm -j- 

ir itx 
m—a J cos Y" 

Af =-£/oJ^ 8i§^ 

0=B/o^sinS^ 

These are illustrated in Fig. 101 a, b, c, d, e, imd show that the 
sucoesaiTC values of load, shear, bending moment, tangent of slope 
and defiectioD are given by alternate sine and cosine curves with 
coefficients aa indicated. 

If now we assume the relation of (21) to obtain we may put for 
EI its value in terms of P and thus find for M, S, and z the following : 



M^-Paan—^-Py 



It will be seen that the mid-length value of y is a. It is also seen 
that p in (22) is independent of a. That is, the value of P or p in 
order that the assumed conditions may subsist is independent of 
the mid-length deflection a. 

This means that no matter what the deflection, so long as it is not 
enough to invtJve any marked curvature of the pipe, that is, so 
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long aa we may consider the valoe of p to be given by (Pyjdx^, bo 
long will the pipe remain in neutral equilibrium in the form of a 
sine curve under the constant value of P or p as given above. 

That is if the pipe is given any mid-length deflection a, bo long as 
a is relatively small, the pipe may be expected to assume a sine 
curve with a for the maximum deflection and to remain in equi- 
lilmnm onder the forces operating. If then a is increased or 
decreased, so long as it stUl remains relatively small, the pipe will 
remain wherever it is placed and in equilibrium under the forces 
operating. 

This vi^ne of p may therefore be taken as a critical value, defining 
the condition for neutral eqoilibrium under the general conditions 
assumed. If p is less than the critical valne, then the pipe, if 
slightly displaced from a straight Une, will retom by the operation 
of its elastic forces. If p is greater tbua the critical value, then the 
deflection will increase beyond limit and flexnre will result, at lea^t 
unless other conditions step in to preveot. This limit value of the 
pressDre is relatively high. Thus let D=^Z inches, £=120 inches, 
(=•1 inch. Then from (22) we find p=2879(pi2). 

The indications of the fonnulee of the present section, and in 
particular of (21), giving the value of the critical load, have been 
verified experimentally by Kdler* with both copper and drawn 
steel pipes respectively 1*17 inches and 1 inch outaide diameter by 
I-OO inch and -90 inch inside diameter,uid 10 feet long. 



62. Influence of Anchors, I^iers, Ties, Abutments, 
etc., on the development of stress in pipe 

Lines 

In the preceding sections we have examined the various sources 
of load which may enter into the production of stress in pipe lines 
and pipe Une elements. It is clear, of course, that these loads must 
all be carried in one way or another, but it does not follow that they 
will all enter full; into the production of stress on the pipe line 
itself. This will dep^id very largely upon the manner in which the 
pipe line is supported or constrained, and hence upon the extent to 
which such loads may be carried in whole or in part by the jners or 
anchors or other means of support or constraint. 

Loads arising from b^anced internal pressure must, in general, 
be carried by the pipe, or pipe line etement subjected to such 
pressure. Loads arising from unbalanced internal jH^esnre ane 
very commonly carried, in some part at least, by various external 
meauB of support or constrtunt. If such unbalanced force is 
localized at a known point, such as the reaction from a stream 
issuing from am opening, the support or constraint can be apjdied in 

Longmans, Oreen and Co., 
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the line of the resultant of ench force, thus relieving the pipe line 
itself of any cross -breaking load. If the forces prodacing load of this 
eharaoter are distributed over a consideiable extent of the line, as 
for example the weight of a horizontal line of pipe with its con- 
tained water, then support will naturally be supplied at appropriate 
intervals, thus placing the line in the condition of a continuone 
girder with stresses developed accordingly. 

It is clear that parts of the system separated by pointfl of com- 
plete constraint wiQ represent independent Bystems so far as these 
T^ous forces and the resulting stresses are concerned. Hence in 
determining the stress due to loads resulting from unbalanced 
forces, the following general program may be followed : 

1. Kote the separation of the system as a whole into parts by 
ptantfl of complete constraint. 

2. Taking any one part thus set ofl, determine in magnitude, 
direction and line of a^^cation, the various . ^ 
unbalanced forces due to intemskl loessure. 

3. Determine i^so the foroes due to ■ ■ [ 
gravity on the pipe and its contents, in 4 | , I g 
case such are of importance for the problem ^ ""^ 
in hwid. 

4. In case there is but one point of con- 
straint capable of resisting the forces in any 
one plane, then the problem with reference 
to such forces is entirely definite. The 
loads are known taxd they must all be 
carried at the one point of constraint. The 
problem from this point on is therefore one 
of the mechanics of materials and need not 
here be further cxmsideied. 

6. In case there are two or more pmnts 
of conatTiunt which mig^t sbtu« in resisting 
the forces in any one |dane, then the 
problem is entirely indefinite as to the ps^ 
of the load carried by the pipe and that Fio. 102. — Bbaotioii on 
carried by the points of constraint, fuid Supfobt. 

hence indefinite as to the stress developed 

at any point in the pipe due to the loads. In order to reach any 
definite result some assumption must be made regarding the manner 
in which the constraint is shared among these various points. With 
such an assumption made, the problem becomes one of simple 
mechanics as before. 

A few simj^e illustrations will serve to show the application of 
these general principles. 

In Fig. 102 suppose CD vertical and EF horizont^ with AB as a 
point of support and constraint. Then the weight will be carried 
at AB &a a direct load. Again the reaction due to the escaping jet 
at F will be represented by a force acting along the line FEO. This 
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will |4aoe the ppe in the coDdition of a cantJleTer beam Trith load at 
the end as dfltonnined by the magnitude of the reaction dne to the 
jet. This rednoes the jnoblem to one of aimide meohanics. 

Again, in Hg. 102 ani^toee that CDBF ie horizontal. Then there 
will oe A rertioal load perpendicular to the plane of the paper due to 
gravity acting on the pipe and it« contents and a horizontal load 
acting along the line FO. This will give a resultant load in Ml 
oblique direction with the ppe acting as a cuitilever beam. 

Again, if we assume CD horizontal but the nozzle turned vertically 
down, the reaction of the latter will oppose gravity and we sh^ 
have the net resultant in a vertical line with the pipe acting still as 



^* 



Fig. 103. — Bbactioit c 

a cantilever. If in the laet caee the nozzle is turned up instead of 
down, the two loads will be additive instead of subtractive in their 
relation, with the pipe acting as a cantilever. 

In these various oases, of course, the line of action of the resultant 
of the gravity forces will pass through the centre of gravity of the 
pipe and its contents, and that of the reactive forces along the line 
of flow at the nozzle backward from the outlet. 

Precisely the same methods apply in the case indicated in Fig. 103 . 

In Fig. 104 the same arrangement is indicated as in Fig. 102 with 
the addition of an abutment of some sort at G. This will place the 
pipe in the condition of a beam fixed at C, supported at G and 
loaded at D. The force at C is readily determined by taking 
moments about while the bearing reaction at G will be the sum of 
the forces at D and C. Freoisdy the same relations will obtain in 
case of a tie at G instead of a strut or abutment. 

In ease the point O is located at D, the point C will be relieved of 
load except as some stretch of the tie or yield of the abutment may 
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permit a cross-breaking load on the pipe. The cosdition, therefore, is 
indefinite except as some assumption is made regarding the extent 
of stretch or yield, or regarding the degree in which the load is thuB 
divided between the external constraint and the pipe. 

In a case such as that of Fig. 105, with two points of support, 
one on either side of the elbow, the condition is definite if the 
supporting forces are in the nataie of flexible ties. In such case the 
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Fio. 106. 
Reaction ot Elbow on 

DlKBCT SUFPOBT. 



Fig. 106. 

Rbaction or Emow o 

Flbxiblb Ties. 



cfeA 



Fio. 107. 
Rbaction of Elbow on 

CONSTBAINING PiBUB. 



force D alone can oppose the load OA and the force C alone can 
oppose OB. This condition will therefore definitely determine 
known total tension loads at C amd D. 

If, however, the elbow is supported against an abutment P 
(Fig. 106), the case becomes indemiite. If F can be assumed to carry 
the entire load, there will be no load transmitted to the pipe to be 
carried at any other point. Otherwise, as F may yield in some 
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degree, load will be tfaiown on the pipe irtuch most be oarried at 
some other point. 

Again, ii the supports at C and D (Fig. 107], aie of the nature of 
anchor blooke giving complete oonBtraint, then the problem becomes 
indefinite. Either point is capable of carrying the load due to the 
elbow, and hence the actual amount carried at each point vill be 
indefinite except as some special assumption is made. 

Such oases of partial support or constraint are often furnished in 
the case of buried pipes by the weight of earth cover or by the 
resietanoe to lateral or longitudinfd movement furnished by earth 
filUng. 

la. all such cases of uncertain distributicoi of support or con- 
straint, judgment alone can be relied on to determine some reason- 
able ba^ of division with a safe margin to tdlow for the measure of 
uncertainty involved. 

In the case of cast-iron {npe with bell and spigot joint, especial 
attention must be given to the proper support or constraint of 
elbows in order to prevent the danger oE separation at the joint. This 
is of particular importance in high-pressure fire lines at hydrant 
settings and elsewhere where the forces developed might seriously 
endanger the integrity of the line. To safeguard such points 
suitable strap and rod ties are commonly fitted, preventing move- 
ment of such a character as to render possible the opening up of the 
joint. 

63. Stresses in Connections and Fittinqs 

In the preceding paragraphs we have considered the subject of 
pipe line uements, connections a^d fittings with special reference to 
the unbaltmoed forces which may develop, and with emphasis on the 
loads which such forces may throw on the pipe line itself. We have 
now to consider briefly the stresses which may develop in the 
conueotionB and fittings themeelres. 

From the hydraulic standpoint there is no sharp line of demarca- 
tion between the pipe and a fitting or connection, such as cm elbow, 
an^, Y branch. Tee, valve or nozzle. They are all parts of a 
continuous water conduit and hence subject to the same funda- 
mental hydraulic laws and principlee. We therefore proceed to the 
determination of the stress on any section of such an element by 
considering the part lying between such section and the nearest 
point of constraint, and determining the load on such part by the 
pruici|des discussed in the preceding paragraph. If the part thus 
cut off by the section under consideration is without constraint, the 
problem is simplified by the elimination of any oonsiderationB of the 
share of the load which the constraint may carry. From the load 
thus determined, the stress in the section is then to be determined by 
the usual methods of the mechanics of materials. 

In many cases the parts may be considered as without constraint 
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in one or both diractionB at right angles to the eections under con- 
sideration. In such cases the tension over any suoh eection due to 
the direct loading resulting from the intemaJ fs^ssure vill result 
aa follows : 

liet j4=ivojeoted area of surface subjected to pressure on the 
side of the section not subject to constraint. 
a=area of section (metal}. 
P=umt pressure in chamber. 

Other notation as above. 
Theh from the principles c^ad; adduced sro have 
pA=Ta. 
or T=^ (23) 

Thiui if a constant value of 7' is to be maint^ned we must main- 
tain a constant relation between A and a for the various sections 
which we may out axxoBB the chamber. This will usually be neither 
practicable nor desirable on account of the existence of other 
stresses, as we shall see below. In any event it will result that the 
maximum value of T will be found where there is the maximum 
value of Ala ; or otherwise, on the section where the area of metal 
is least in proportion to the projected area subject to load. 

In any suoh ease, therefore, it is only necessary to seek out by 
trial the section where the area of metal is leasi in proportion to 
the projected area subject to load and to find T as above. This 
will give the maximum direct s^ess in tension due to internal 



In all such chambers of irregnlu; form, such as Y branches, valve 
bodies and elbows, there wiU be certain sections which are non- 
circular in form. In Y branches in particular, certain pu-ts approach 
a flat or only slightly curved form. In all such oases the stress 
along any filamemt lying between two suoh parallel sections will not 
be wholly tension. A bending stress with its accompanying shear 
will be set up, imd the unit stresses from these must be combined 
with the stress in tension due to direct loading. Usu^y the forms 
of such ohambers are not such as to permit of direct investigation 
and indirect and approximate methods must be used. We have 
two reference forms to which the actual torniB may usually be 
approximated. These are the ellipse as a form of section tuid the 
flat plate. 

Whoa parallel sections for some littie distwice are nearly uniform 
in size and form and approximate to an ellipse, we may apjdy the 
formulsB for the strength of a pipe of elliptical section.* 

These are as follows : 

Let a wid b denote the two semi-axes of the ellipee (see Fig. 108). 

• " B46al XraiW d? JiSwaique," Vol. V. p. 134. 
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a of unity or 1 inch in a direction perpendicuUr 
to the plane of the section. 

Lot c =exoentainity=-v'l — (^/o)*- 

C=a constant depending on the ratio of 6 to a and given 
ap|>roziniately by 

C= -333 +-167^ 

Jlf^=bending moment at end of long axis. 
Jfi=b6nding moment at end of short axis, 
p = miit internal piesBore . 
Then we have 



..{24) 
■{25) 



'"s- 2^*' — ' 

In the above equations the inch and the pound aie the tuute. 

The bending moment at A will develop temraon on the inside 
and compression on the outside, while that at B will develop ten- 
sion on the outside and compression on the inside. At A, therefore, 




the temdon due to the direct load (p over the diameter AC) must 
be added to the tension on the inner fibres due to M^, in order to 
give the total maximum tension at A, which wUl be on the inner 
fibres. Similuly at B the tension dae to the direct load (p over the 
diameter BD) must be added to the tension on the outer fibres 
due to Mb< in order to give the total maximum tension at B, which 
will be on the outer fibres. 

By the use of these equations an approximate value may be 
developed for the maximum stress in any such elliptical section. 

Where the form approaches that of a flat plate over a certain 
area, the necessary support is usually developed by the use of a 
system of intersecting ribs, thos forming a series of cells, usually 
triangular or four-sided, the flat base of which is intended in each 
case to be seU -supporting as a flat plate. In this mode of design, 
therefore, the ribs are intended to act as ^ders in carrying the 
load, while the elementary flat or nearly flat areas thus formed 
' are expected to be self-supporting between the ribs, and to con- 
tribute to the support of th9 load as a whole, 
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Tvo questions thus arise : 

1. The thickness of the flat plate between the ribs. 

2. The dimensions and spacing of the ribs. 

In nuuiy oases, however, the thickness is fixed by other con- 
siderations or by relation to other parts, and question (1) only 
remains. 

The design of these features is necessarily by empirical formulES, 
as foUowB ; 
Thickness ol Flat Plates sapported b; Bibs. 
Let A=ai:6Aoi cell or element supported by ribs at boundary, 
(12). It la here assumed that no two dimensions of 
A differ widely. 
p=preaanre (pi2). 
<=thicknee8 (i). 

0=coufit«Lnt, about 100 for caet iron and 160 for oast steel. 
Then 

«.iS ,26) 

Supporting Bibs.; — Regarding the design of the supporting ribs, 
two qneations uise : 

1. The spadng of the ribs. 

2. The dimensions of the ribs. 

Only the most general iodioations can be given regarding these 
matters, and reference should be made, if posaifale, to eucoeBefnl 
designs of similar character and operating under generally similar 
oonditionB. 

The spadng of the ribs is usually made from 8 to 16 or 18 inches, 
varying with the size. The thickness should be not far from the 
thickness of the body or shell and the height may vary from 4 to 6 
or 8 times the thickness at the highest part, often tapering or fading 
oS to nothing at the ends, according to the features of the design. 
As a general guide, the results to be apphed with judgment, use may 
be made of the formula : 

1^=^ (27) 

Where p=pres8ure (pi2). 

A^&rea of a strip considered as supported by one rib 
through from one end to the other. Normally A 
will equal the product of the distance between the 
ribs by the extreme length (i2). 
i'=length of rib from end to end (i). 
A:=8tress developed in outer fibre (pi2). 
/=moment of inertia of section of rib (i4). 
yo=distance from neutral axis to outer fibre (i). 
In taking v^ues of £, / and ya> ^^^ thickness of the metal con- 
stituting the body or shell may be added to the height of the rib 
proper. Thus for illustration, suppose an area 16 inches wide and 
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60 inohee long oonradered as supported by a rib 2 inches thick and 
10 inches total height at ceabre. What will be the safe preasnre, 
aUowing a working stress of 16,000 pounds in the steel ? We find 
pALI2i=22BOp and J://y«= 533333. Whence p=237 (pi2). 

As not«d above, however, the reeults of no formula alone should 
be accepted without judgment and oompaiisim with similar oases 
if possible. 

64. Stresses of Joint Fasteninqs, Flanges, 
Bolts, etc. 

Stresses in joint fastenings may be either tension ot shear. 
Wherever a longitudin^ puU develops in a pipe line, the joint 
fastenings must, of course, carry such pull as a load in tension or 
shear, depending on their disposition relative to the joint — shear 
in a riveted joint and tension in a flange joint with bolt fasteningH. 
Similaiiy where a bending stress dev^ops, the fastenings will be 
thrown into either shear or tension. In aU such oases the principles 
of the present chapter will serve to determine the load at the joint, 
at least so iar as it is determinate, and the problem is thereby reduced 
to one of the mechanics of materials and may be treated accordin^y. 



66- Stress due to Bendinq Moment in Spans 

A long pipe line supported at frequent points, insofar as its 
relation to deformation through gravity forces is concerned, operates 
as a continuous girder. 

The mech^cB of a continuous girder or beam shows that the 
maximum bending moment ooouis at the pier (considered as a, 
point of support), and is 

^=tJ m 

where ll'='weigkt between supports and Zslength. We have, then, 
from the familiar beam formula : 

», 12 ' ' 

Where ifc— stress in outer fibre ot beam. 
/=moment of inertia of section. 
yg=diBtanoe from neutral axis to outer fibre. 
For a cylindrical shell about a diameter, we have 

,=- 

D 
., ~ wiiD'L 



+ uiiDtL (pounds). 
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Where all dimensioiia are in inches, U7=wei^t of o 
of water and cr=weight of one cubic inch of steel. 
Hence we find 



and h= 



-&y 



But ui=-0361ando 
Substituting these values we have 
^^/W301 , 

In the preceding formulie the values of / and of w are expreaeed 
on the aesumptiOD that the thickness of the pipe is small compared 
with the diameter. This assumption is usually permisfiible in pipe 
Une problems. It may be noted, however, that the value of D used 
should correspond to the mid-thicknesB of the shell. If higher 
acctiracy is desired or if t is not Bmall compared with D theu we 
must use the following : 

64 



where Z)j and D^ denote the outside and inside diameters respec- 
tively. 

66. Combined Stresses 

In various cases combinations of stresses may exist, such, for 
example, as tension or compression combined with shear, tension 
or compression combined with bending, tension or compression 
combined with torsion, bending combined with torsion. 

In order to find the maximum intensity of stress in such cases 
recourse must be had to the principles and methods of mechanics 
as developed la textbooks on that subject. The principles of the 
present section wiU serve to develop the conditions of the pipe or 
pipe line element as to the magnitude and location of the loads. 
Beyond this point the problem becomes one of mechanice. 
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Thi main purpose of the pieeent work is the discussion of the v 
hydranlio problems which may arise in connection with the trans- 
port) of liquids through pipe Unes. No attempt is made therefore 
to present, with any d^jwe of fullness, discoBflion of constructive 
features. In fact, a presentation of the constructive features of 
jMpe lines and their mountings luid attachments, including valves, 
dhows, Y's, ezpt»ision joints, etc., and treated with reasonable 
fullness from the stMidpoint of description and general discussion, 
would requiie a Tolome in itself. 

The purpose of the jo^sent chapter is therefore to present briefly, 
and from the standpoint of description and general discussion, 
mention of the more important structural elements of pipe line 
construction, and with acme reference to the more important 
problems which may arise in connection with them, but without 
attempt to approach a comprehensive treatment t>f this phase of 
the subject. 

67. Materials 

The materials oommonly employed for the construction of pipe 
lines are st«d, cast iron, wood stave and reinforced concrete. 
Steel is employed in two forms, plate or sheet steel and cast steel. 
Plate or sheet steei is employed for two classes of pipe as follows : 
(d) Commerci^ pipe ae commonly employed for piping steam, 
air, gas, water, etc., and in sizes from ^ inch to 12 or 16 
inches inside diameter and up to 30 inches outdde diameter. 
(6) Pipe made up of eteel plates with longitudinal joint either 
riveted or welded, with diiuneter from 16 or 18 inches to 
7 or 8 feet, and with thickness of plate to suit the special 
requirements of the cose. 
Coat ated is employed for bends, elbows, Y branches, flanges, 
saddles and other like connections or accessory mountings, and 
idso occasionally for short eomiecting lengths of pipe. 

Cast iron is employed in the form of lengths (usually 12 feet), 
with the well-known bell tmd spigot form of joint, and in com- 
mercial sizes and thicknesses of metal up to Si inches diameter, and 
in special sizes and thicknesses of metal to suit the requ^ments of 
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the case. Cast iron is also employed for bends, elbows, Y branches, 
flanges, saddles, and other like connections or accessory motmtings, 
but where the pr^suie reqoiiements are relatively light. Where 
the pressure requirements are moderate to high and in the best 
grade of work for aSl preasuieB except the very lowest, each items 
should be made of cast steel. 

Wood stave pipe with steel rod or wire band reinforce is employed 
for moderate pressures, and where the special characteristics of 
such pipe may meet the requirements of the situation. 

Rtinforced concrete has been only sparingly employed for pipe 
line construction. With sufficient steel reinforce it may readily 
be made adequate in strength for moderate pressure requirements. 
Due, however, to the fact that the tensile strength of oonoKte is 
low and that fuU assurance cannot be had of the simultaneous 
development of stress in both concrete and steel each in proportion 
to its safe strength, it is necessary in practice to supply sted cir- 
cumferential reinforce soffioient to cany the full internal load by 
itself and without asBuming aid from the concrete. 

In the case of moderate to high pressnres, therefore, where the 
pressure is the determining element with regard to thickness of 
wait, there would be no advantage in using concrete except for its 
value as a prot«ctiye coating for the steel. In the case of light 
pressures, however, where the amount of steel required for strength 
is far less than that required for stiffness, resistance to external 
collapse, and for dnrability under corrosion, the combination of 
adequate reinforce steel for strength under internal pressure with 
concrete for stifinese and for protection, may present advuitages 
sufficient to justify its use. 

Broadly speaking, however, steel or cast-iron pipe with like 
fittings and connections famish the typical or representative 
practice in pipe line construction. Furthermore, while the general 
principles cd pipe line flow are independent of size, many of the 
special problems considered in the present work imply the larger 
sizes of pipe line, such as would be typic^ of ^wer plant practice 
or of the transport of large volumes of liquid over long distances. 

We may now consider in some further detail the principal types 
and forms of pipe and pipe line constmclaon. 



68. Commercial Pipe 

This is placed on the market in three grades as regards strength, 
known respectively as sUmdard, extra strvng and dovble extra stnmg. 
Commerdal sizes of standard pipe as shown on recent manufacturers' 
lists show nominal sizee ranging from ^ inch to 16 inches rated 
by inside diameter and sizes ranging from 14 to 30 inches rated 
by outside diameter. The latter is commonly designated as O.D. 
pipe. Fox the pipe rated on inside diameter the actual diameter 
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differs somewhat from the rated diameter, nsnall; in exoees, especi- 
ally in the smaller Bizee. The actual outer diameter of O.D. pipe 
agrees with the nominal rating. 

Standard engineering handbooks may be consulted for details 
regarding the characteristics and dimensions of such {ape. 

In the case of extra strong and double extra strong, the added 
thickness is jdaced on the inside, thus reducing the inside diameter, 
but leaving the outside diameter the same, and thus suited to the 
same fittings and screw connections as standard pipe. In so far 
as standard fittings and connections may be considered adequate, 
they may therefore be used with the extra and double extra strength 
pipe. If otherwise, special fittings and connections are required, 
the tapping size will in any event be the same as for standard sizes 
of pipe. 

Engineering handbooks or dealers' listo may be consulted for 
details regarding the chwacteriBtJcs and dimensiona of such pipe. 



Fio. 109. — Bbll and Spioot Joint. 

O.D. pipe is made as noted above in diameters listed by the 
manufacturers, from 14 to 30 inches, and in varying thickness 
according to service required, from ^ to 1} inches. 

The usual conoecUons and fittings for commercial pipe, such as 
bends, turns, elbows, tees, Y branches, valves, etc., are too well 
known to require detailed consideration in the present work. Full 
information regarding these matters is furthermore available in the 
various manufacturers' or dealers* liste. 

69. Cast-iron Pipe. Commercial Sizes and 
Standards 

Commerictd cast-ijon pipe is made in a wide variety of diameters 
and thicknesses of metal, in accordance with varying requirements 
and varying standards of design and manufacture. The nomin^ 
size is measured on the inside, and the varying thickness of metal 
affects therefore only the outside diameter. 

The iisual manner of connecting suocessiTe lengths of such pipe 
is by means of the bell and spigot joint formed with space for calked 
metallic lead as packing material, as shown in Pig. 109. 

Engineering huidbooks or dealers' listo may be consulted for 
details regarding the characteristics and dimensions of saoh pipe. 

In addition to the standard bell and singot form of jcmt, rarious 
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fonna of special joint are occasioiially employed. Thus in f^. 110 
are shown two forma of flexible joint, lead packed. The fonn 
shown at a is more commonly employed, while that shown at 6 
is mote eipeneive and is intended for l&rge pipe undei relatlyely 
high pressure. So-called "Universal" pipe, as shown in Fig. Ill, 




Fio. 110. — Svxcux. FoBics Buj, amd^Sookbx Jointb. 



IB fitted with aa inside aad outside tap^ or cone joint with machined 
surfaces, giving an iron on iron contact. The slope of the tapers 
are slightly different, thus allowing some degree of flexibihty while 
still remaining tight. The two paxts of the joint are drawn together 
by bolts carried in lugs as shown. 

A great variety of formube have been proposed and employed, 
giving the rdation between the diameter, thickness and pressure 




Fio. III. — TTnivbrsax Pipb Joint. 



or head for safe operating conditions. Among these Fanning's, 
which has had, perhaps, aa wide acceptance as any, may be put 
in the following form : 

(p-t-97-2)d 
7220 "^* 
where J— thickness (i). 
- p=pre8sure (pi2). 
d= diameter (i). 
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Thifl formnla, wtdch gives results agreeing well with the figures 
of standard practice. Implies a wide variation in the actual worldng 
stress for varying sizes and pressures. From the form of the es- 
inession it is clear that the thickness t provides for the following 
combination : 

1. A working presaore p with a working stress of 3610 (ia2). 

2. An excess pressure of 97-2 (|n2) (or in round number 100 (pi2)) 

as the result of shock or other unusual conditions, and with 
the same working stress. 

3. An excess thickness of i inch to allow for corrosion and wear, 

acddents of manufacture, etc. 

In addition to the standard thickness of cast-iron pipe and 
fittings suited to meet ordinary requirements, spedally heavy 
grades are listed by largo manufacturers and intended to meet the 
requirements of specially high pressures, the thickness and other 
dimensions being graded to the working pressure to be carried, 
usu^y in 100-pound steps up to 400 or 500 poimds pet square 
inch. Manufacturers' lists may be consulted for the details of 
such extra heavy pipe. 



60. Sheet Steel PtPE 

Sheet steel pipe is made up in lengths according to the available 
dimensions of st«el plate, and joined length to length either by 
circumferential riveted joints or by means of flanges or other special 
form of joint. Longitudinal joints are either riveted or welded. 
As a general rule eaoh length or section of pipe is made up of a 
single plate wrapped around the circumference, and hence with 
but one longitudinal joint per section. 

Taking first the form with riveted joints we shall pass in rapid 
review the chief constructive features. 

The available materials are sheet steel plates in widths up to 
8 or 10 feet, in lengths up to about 20 feet, and in thicknesses 
increasing by sixteenths up to IJ inches or more if desired. 

It is shown in mechanics that in the case of a cylinder under 
internal pressure the stress along a longitudinal i<^al section is 
twice that along a circumferential section. It follows that the 
chief effort, in the matter of fastenings, must be directed toward 
the development of the highest possible efficiency in the longitudinal 
riveted joint. The only exception to this general rule is found in 
the case of pipes subjected to light pressure where strength is not 
the ruling factor in determining the thickness. An iUustration will 
make clear the considerations involved. Assume a diameter of 
24 inches and a pressure of 30 (pi2) with a safe actual working 
stress of 16,000 (pi2} and a longitudinal joint effidenoy of 80 per 
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cent. From mechamoa we have for the tbiokness of a pipe under 
internal preesure, the formula : 

2Te 
where ])=preasuie (pi2). 
(1= diameter (i). 
t=thiGkness (i). 
T=saie wcnrking stress in joint. 
e=ioint efficiency. 

Substitating in this formula we find f=*03. 
It appears, then, that so far as strength alone is concerned a 
thickness of -03 or, say, ^ inch would be gnffident under these 



Such a pipe, however, would lack stiffness eaid recdstance to 
external local forces or to collapse under external pressure in case 
the pressure within should ever fall below the atmosphere. Further- 
more, there is no provision against corrosion or wear, except as 
contained in the factor of safety. Thus with an ultimate strength 
of steel plate at 60,000 [pi2) the factor of SE^ety when new is 4. 
Suppose now a thickness of no more than -01 inch to disappear 
imder the influence of corrosive action. This means the losB of 
one-third the available metal and the reduction of the factor of 
safety to 2-67. With ^ inch thickness removed by corrosion, only 
one-half the original metal remains and the factor of safety has 
fallen to 2, The serious results of such a condition are plainly 
apparent, and in order to provide for a reasonable life under corro- 
sive action and also to give stiffness and strength under external 
load, it is necessary in all such cases to add arbitrarily to the thick- 
ness. For the case mentioned, ^ or ^ inch would be considered 
the minimum thickness permissible. For all such cases it appears, 
therefore, that strength under internal pressure is not the ruling 
factor in the determination of thickness, and hence that the realiza- 
tion of the highest possible efficiency in the longitudinal joint is of 
less importance than in caam where, under high pressures, strength 
under such pressure becomes the ruling factor. 

Longitadiual Joints. — For the longitudinal joints of steel plate 
pipe line sections, a great variety of dea^ may be employed, 
according to the efficiency to be considered significant in the special 
case. 

Thus when stifhiess and allowance for corrosion determine a 
thickness considerably in excess of the requirements for strength 
a.gainst internal pressure, a single riveted lap joint may be employed. 
A double riveted lap joint wUl give a somewhat higher efficiency and 
a joint more easily made and kept watertight. Next in order, and 
where it may be desirable to maintain a more truly circular form of 
section, comes the single or external butt strap joint with either 
single or double riveting, as indicated in Fig. 112. The efficiency of 
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the snf^e riveted lap j<mit vill tange about *65 or -56 and of the 
double riveted lap joint about -70. The efficiency of the sin^ and 
double riveted dn^ butt strap joints will range about the same as 
for the correspondu^ lap joints, the only advantage being in a more 
truly circular form of pipe section in the latter case. 

Where high efficiency is desired, as in all cases where thickness for 
strength against internal jnessuie is the determining feature, the 
lap or single butt strap jointe should not be employed. For such 
cases double butt straps with the three or even four rows of riveting 
on each side are employed, raising the efficiency of the joint to from 
•80 to -90 or more according to the ]»Htioular design of joint 
employed. 

A detailed discussioQ of the theory and manifold forms of riveted 
jointe is outdde the scope of the preeeut work. In Figs. 113, 114, 
however, are shown diagrams of approved forms of such jointe as 
may be applied to the longitudinal seams of steel pressure pipes. 
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Fra> 112. — RivBTBii Joints. 



In connection with these diagrams a few indications may be given 
regarding the examination of any proposed form of joint for strength 
and efficiency. 

It should first be noted that such procedure is in considerable 
degree rabitrary in character, since we do not know the influence of 
the friction between the plat«fi and of various other factors which 
may afiect the relation between the load and the manner in which it 
is carried by the component elemente of the joint. With the usual 
conventions, however, the joint may be examined as follows. 

Obviously the resistance to rupture in all possible ways should be . 
examined, and the strength for each such possible method com- 
pared with the strength of the plat« as a whole. Actually only 
three possible modes of rupture are commonly considered. 

1. Rupture by tearing between the outer rirete of the rivet 

pattern. 

2. Rupture by shearing the rivet sections. 

3. Rupture by crushing due to the hearing load between the rivet 

Mid the metal ol the |date. 
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The unit of the joint commonly taken is the element of the rivet 
pattern covering a distance equal to one space in the outer row of 
rivets, ae AB, Figs. 113, 114. 

Let p^pitch of rivets in the outer row. 
(=:thickness of plate. 
(2=diamet«r of rivet. 
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ni=iiamberof rivete in sm^ shear in one element of the 

rivet patteem. 
n=niimber of rivetfl in douUe ehear in one element of the 

rivet pattern. 
7=tMLsile sticngth of plate. 

jSi=Bhearing Btiengtlis of one section of rivet in single shear. 
jS(=sheaiing strength of one section of rivet in double shear. 
0^=crushing strength for rivets in single shear. 
0,=cni8hing etrengtb for rivets in double shear. 
T^ien for the total strength of plate of width p we have 

(1) JOT, 

For the strength against tearing along the line between the two 
rivetfi in the outer row we have 

(2) {p-d)tT. 

For the strength agunat rupture by shear we have 

(3) {mSi+2n8t). 

For the strength gainst failure by crushing we have 

(4) dtimCi+nCt). 

The various efficiencies will be given by dividing the various 
expreasionB (2), (3), (4) by (1). 

Obviously the lowest value most be consideied as ruling for the 
joint in question. 

The highest economy of joint is obtained when the proportions 
iu« such as to give equal values to all three efSciencies. This, 
however, is not always practicaUe, though in most cases this 
condition may be closely realized. 

For steel plates and rivets the foUowing values may be employed 
for the various strength factors above noted. 
r= 60,000 
8,- 44,000 
:S',- 45,000 
Ci= 90,000 
(7,-110,000 

The distance of the centre line of the row of rivets nearest the 
et^ of the {date should be from 1-6 to 2 times the rivet diameter. 

The rivet diameter d should be trom 1-2 1 to hit. 

In multi^de staggered riveted jointa the minimnm dietance between 
rows of rivets should be -6 to -8 the minimum pitch. 

Welded Longitudinal Joints.— ^In place of riveted jointB, welded 
longitudinal joints have, during the past decade, come into extended 
and approved use. 8uch joints are made lap-welded in gas-heated 
furnaces and with approved technique in the process show et&- 
ciencies of 90 per cent and better. Such form of joint is especially 
suited to the heavier thicknesses found necessary for the lower ends 
of high pressure penstocks and similar designs. Where the thickness 
would exceed 1 inch, the equivalent strength may be made up by a, 
main shell with welded bands shrunken on, three or four inches 
wide and with an equal distance in the clear between bands. In 
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thU manner, pipe for the heavieet aervice may be made up in 
welded form. 

Welded pipe, due to the higher joint efficiency fia compared with 
riveted pipe, haa the advantage of thinner plates and less weight 
for the same diameter and head or greater diameter for the same 
thickness and head. Due to the absence of rivet beads it has also 
the advantage of better hydiaolic conditions of Sow, as referred to 
in Sec. 61. 

Clroamtereatial Joints. — As idready noted in the case of a 
cjiiudrical shell subject to int«mal pressure, the stress along a 
longitudinal line or section is twice that along a circumferential 
line or section. Or otherwise, a cylindrical shell under internal 
pressure has twice the strength against rupture along a circumfer- 
ential line that it has against rupture along a l<mgitudinal line. It 
follows that with equal eSBciency in both longitudinal and drcuin- 
ferential Joints the factor of safety will be twice aa great against 
rupture along a circumferential line as compared with rupture along 
a longitudinal line. It results that, so far as strength alone is con- 
ceiyied, there is no occasion for using the especially high efficiency 
riveted joints which are required for the loogltudmal seams. The 
efficiency of a properly proportioned single riveted joint is usually 
found about 65 per cent. Such a joint in a ciicnmferential seam would 
therefore represent a factor of safety equal to that for a longi- 
tudinal joint with efficiency of 110 per cent wore such efficiency 
possible. Or otherwise, with the very best efficiency of longi- 
tudinal joint possible, even supposing it to reach 100 per cent, and 
with a single riveted circumferential joint of 55 per cent efficiency, 
there will stiU remain an excess factor of safety with regajrd to 
rupture along the circumferential joint, and if tested to destruction, 
rupture will occur along the longitudinal joint. 

It should be noted further that the development of full stress 
along a circumferential line in a cylinder under internal pressure 
presupposes a cylinder with closed ends and without external 
constraint. The condition of a pipe with open ends and through 
which is flowing a stream of water is far from fulfilling these 
specifications. £d fact it is readily seen that in a typical pipe line, 
stress along a circumferential line will only be developed as a result 
of some combination of the following conditions and of which (4) 
must be a constituent element. 

(1) Bends, turns or elbows. 

(2) Changes in size. 

(3) Closed valves. 

(4) Such freedom &om constraint at oi near the conditions (1), 
(2) or (3) as to permit end movement relative to some other part of 
the pipe definitely anchored in place, thus developing a lengthwise 
pull on the pipe as a whole and a resultant stress along a circumfer- 
ential line. 

With actual pipe lines these conditions are likely to obtain in 



ty Google 



200 HYDRAULICS OF PIPE UNE& 

varying degrees, but it is unlikely that they v31 be sach as to 
permit the development of the fnll lengthwise poll due to the 
internal fn^eBTue over a closed end of the pipe, and hence of the 
development of the full stress along a circumferential line (see 
Chap. IV, Sec. 52). 

AU of tiiese considerationB show, so far as we are concerned with 
strength against internal pressure, the greater relative importance 
of high efSdency in the longitudinal aa compared with the circum- 
ferential joints, and the aufBdency of a properly proportioned 
sinde riveted lap joint. 

'Die oircnmferential joint must, however, provide for other 
requirements quite independent of strength under internal i^eseure. 
These are : 

1. Strength under bending stress to which the jupe may 
be subjected tuid general stifEness, coherence and continuity of 
strength. 

2. Watertight closure of the joint. While the single riveted joint 
can be made waterti^t under normal working conditions, it is 

much easier to make a, double riveted 

^^^^^^, ^>g f ^^h ^^^^ joint tight, and the latter is much 

1~ T^^ ^^^: T less liable to develop leaks under 

^ : : / irregular shifting stresses due to 

I : : j chfuigeB in the temperature condi- 

} ; ; \ tions. The double riveted joint is also 

BM-g;- : ^^!^ ^ j > gv.'w.-<'^ markedly superior to the single riveted 

(JC. cr-o' jjj BtiftneBB and in giving strength to 

FiollS.— RivBiTKD JoMT FOB thc pipc under bendmg streae. For 

QBO^TEasNTiAi. SzA«s. those reLoj^ th^ double riveted form 

of joint is to be recommended for 

the circumferential seams in alt bigb-grade work. 

In connecting the successive sections of the line choice will he 
between two modes of construotion : 

1. In and out seotionB, or alternate sections differing in radius by 
an amount equal to the thickness of the plate, and thus adapted to 
form the lap circumferential joint by the shpping of the smaller 
section into the larger. 

2. Sections aS[ of the same radios or diameter, butting together 
at the end uid connected by an outride butt-strap, thus making a 
double lap joint (see Fig. 116). 

The use of in and out sections has the advantage of a slight saving 
in cost and of being easier to calk from the inside. It has, however, 
the disadvantage of a periodic change in pipe diamet^ at every 
section, alternately lai^ and small, so that there will be at each 
joint a definite loss of head (see Sec. 9) due to this cause. The use 
of uniform sections with outside butt-strap avoids this loss and 
thus fumishes much better hydraulic oonditdons than with alter- 
nating diameters. 

To realize this advantage, howevei, the space left for calking, if 
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any, between the ends of the sections must be filled in, otherwise 
there will be presumably little to choose between the two forms of 
pipe. We shall again lefer to this subject at a later point. 

By reason of the possibility of better hydraulic conditions, the 
use of sections of uniform diameter and with outside butt-straps is 
to be recommended in high-grade practice. 

et. Hydraulic Conditions in Riveted pipe Lines 

The features which may enter into the production of eddy losses 
in riveted pipe lines are the following : 

1. Rivet heads in both longitudinal and circumferential joints. 

2. Longitudinal butt-strap ends. 

3. Abmpt changes in size at the ends of sections, in case in and 
out sections are used. 

4. Abrupt enlargement in size between the ends of section of 
uniform diameter, in case the ends are not butted closely together, 
or in case the space left between the ends is not otherwise filled in. 



Pig. lie. — BtvBTED Jomr fob Cibcumpbeential 
Seams with Spuv Lead Fiujkg bbtwebm 
Etma OT SBcnoNS. 

In a pipe line of oonsiderable length there may be thousands of 
rivet heads, each projecting a littie way into the moving stream of 
wat«r end producing an eddy of smaU individual magnitude, but in 
the aggregate forming a loss by no means negligible in amount. The 
possible magnitude of this loss and the means for reducing it to a 
minimum have not attracted the attention which they deserve. 
Instead of the full projecting head, ae is too commonly employed, the 
use of a countersunk nearly flush head or point, as shown in Fig. 1 16, 
would be advantageous. This gives the effect of smooth ship plate 
riveting and provides improved hydraulic conditions as compared 
with the projecting head. Pipe rivets are commonly driven, heads 
inside and points outside. This is primarily as a matter of con- 
venience. With such mode of riveting, the rivet for the refflults of 
Mg, 116 must be formed with a special head. If, on the other hand, 
the rivets are driven head outride and point inside, the usual form of 
rivet will serve and it only remains to countersink the hole at the 
proper an^e, head up, as in ship work, and chip ofi the excess. 
While the saving by such form of riveting can scatcdy be estimated 
with any approach to accuracy, it seems well assured that it is by 
no means negligible in amount. 

Longitudinal butt-strap ends have already been referred to. In 
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common practice these axe often shifted through a co'taiii angle at 
each joint, osoally 90°. This gives a series of ends, two for each 
section of pipe, all unshielded and all operating to produce loss 
through eddies and turbulence. There seems to be no necessaory 
reason for shifting the straps. It cannot add essentially to the 
strength of the line. If then the straps oro lined up along a single 
element of the cylindrical pipe, they produce aimply a change in the 
form of cross section and doubtless introduce a slight loss along their 
longitudinal edges, but the loss due to theii ends may be practically 
eliminated. 

The influence of the abrupt change in size at the ends of sections 
n^ere the in and out system is used, has been referred to previously. 
While not directly meaaurable and only to be inferred by com- 
parisoD, the Iobs due to auch ends is undoubtedly far from negligible. 
It may be obviated by the use of uniform sections with outside 
butt-straps, assuming proper care of the space between the ends as 
noted below. 

The infiuence due to the sudden enlargement between the ends of 
pipes fitted with joints, as in Fig. 116, has been already referred to. 
If this space is left open, a loss mU result and the possible advantE^ 
of the uniform diameter of sections will be largely, if not wholly, 
lost. To avoid this, the space should either be filled with some 
material such as spun lead, or the joints may be trimmed and bntted 
close with electric welding in lieu of calking, as referred to below. 
The advanti^, in respect of the hydrauHo conditions of flow, 
offered by welded longitudinal joints in place of riveted joints, has 
already been noted in Sec. 60. 

62. Calking of Riveted Seams 

The calking of a riveted seam is much the more effective when 
applied on the side under {nressure. It is obvious that it is easier 
to stop a small leak in a seam on the entering aide rather than <m the 
isauing side. Hence in pipe work inside calking is much more 
effective than outside calking. On the other hand, with the pipe 
under preesure, local leaks or imperfect sections of the joint can only 
be closed from the outride. For these reasons it may be recom- 
mended to carefully and thoroughly calk all seams on the inside 
before applying the pressure, liken for the closure of such small 
residual leaks as may show, or for the dosure (d small leaks which 
may develop with the pipe in service external calking may be 
resorted to. 

In this connection reference may be made to the circumferential 
joint formed by an outside butt-strap, as shown in Fig. 116. If the 
section ends are butted close together it will not be practicable to 
calk on the inside at the angles a and b. On the other hand, unless 
the plates are trimmed with great nicety, they will not butt together 
closely all the way around, and a crack or opening will be left 
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between the plates of Torying width. To permit of calking at a and 
b the [date ends may be separated a distance aomewhat leea than 
the thickness, as shown in the figure. A special UxA may then be 
emfdoyed foi calking at a and b, thtis insuring, ae nearly as may be, 
a watertight closure of the joint. 

This, however, leaves an opening between the plates sufficient to 
form an eddy of sensible magnitude a^ a result of the sudden 
enlargement in size of conduit. This again may be closed by calking 
spun lead into the opening. This is metallic lead in the form of fine 
threads, and forms an admirable material for filling such spaces. 
If the edges of the plates are sl^tly undercut, it will aid in holding 
this in phioe. In tuiy event, the undercut developed by the calking 
at a and 6 will operate to form an anchor at the bottom for such lead 
fiUing. In this manner ail requirements may be met ; the joint 
may be calked on the inside and a smooth continuous snrface 
provided for good flow conditions for the water. 



63. Electric Weldinq at the Joints in Lieu of 

Calking 

Modem developments in the art of electric welding with metal 
electrodes furnish an admirable substitnte for the time-honoured 
practice of impact calking. By this means the entire line of contact 
between the two plates forming the joint may be closed and the 
plates locally united by welded metal filling. The use of local 
electric welding instead of calking may be strongly urged in all high- 
grade practice. It unquestionably gives the nearest approach to 
absolute assurance of a watertight joint. There is presumably less 
choice than with caking as to application on the inside or outside. 
Application on either side, as may be convenient, will be eSeotive, 
or if extra assurance is desired, both inside and outride seams may be 
treated. A further advantage of electric welding in lieu of calking 
is realized with circumferential joints, as in Rg. 116. Here the 
seams at a and b are readily treated, or otherwise the electric calking 
may be restricted to the outeide seams at c, d. 

Welding by the oxy-acetylene process may also be api^ied to the 
same end, but it is somewhat less convenient in application for this 
particular purpose, and it will also be usually found somewhat more 
expensive in use. 

64. Pipe joints and Connections 

The connection of the successive lengths of riveted pipe by means 
of circumferential riveted joints has already been referred to in 
Sec. 60. When the pipe is to withstand high pressure, as at the 
lower end of a high head line, or at the pump end of a high-pressure 
pumping line, some form of flange joint is often employed. In the 
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case of welded pipe, a number of special forms of joint have been 
developed in addition to the regular type of fiange connection. 

Fig. 117a shows a standard form of fltuige joint in which the 
flanges are riveted to the sections of pipe. 

In Kg, 1176 the flanges are likewise riveted to the pipe, but the 
form of packing is peculiar and of specif value foi very high 
pressures. As shown in the figure, a groove of section narrowing 



Fio. 117. — FOBMB OF Fi-uiOE Joints. 

toward the outside is formed in one d the flanges. Within this 
groove is fitted a ring of soft, solid rubber x>acking. The water has 
free access to the base of this groove and the pressure acts on the 
rubber ring tending to drive it more and more closely into the 
narrow end of the groove, thus effectually packing the joint even 
against the very highest pressures employed. Tim form of packing 
joint is also employed with entire5.suocesa against preasuiea of 




Fia. 118. — FoBMS or FtAHOB Jomie. 



several thousand pounds per square inch — far above any pressures 
liable to be met with in pipe line practice. 

In Fig. 118a the ends of the sections of pipe are Banged out and 
are pinched together between specially formed ring flanges as shown. 
When the nuts are properly set up on the through bolts holding the 
two parts of the flange together, the projecting rib on the outer edge 
insures a definite compression on the flanges and on the packing 
material between them. The individual rings in the case of such a 
construction must be made in two parts in order to get them into 
place back of the flange on the pipe. 
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Fig. 118& sho^ra a faTouiite form of joint for thin and medium 
thicbiesa of large welded pipe. 

Fig. llda showB a form of connection which gives in effect an 
expansion joint at each joint of the line. The conBtruction will be 
dear from the diagram. 

Fig. 1 196 shows aa excellent though somewhat expenslTe form of 
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joint for high-preBsure work. The ends of the pipe sections are 
thickened up by special treatment in fabrication, and are turned up 
to form as shown. Within the thickened end is formed a tapering 
groove for soft rubber ring packing, similar to that in Fig. 1176. 
The action of the flange rings on the sloping surfaces formed on the 
pipe is evident from the diagram. 

Fig. 120 shows a form of joint suited to very heavy pipe. Here 




Fio. 120.^FOKH or Fi.ANaB Jomr. 



the flanges are threaded on to the pipe, and a groove or recess for 
soft rubber ring packing is formed in the metal of the pipe itself 
without thick^uDg. 



65. Wood Stave Pipe 

See Fig. 121. This pipe is made in two forms, machine banded in 
lengths, and continuous. Machine -banded pipe may range from 2 
or 3 inches up to 24 inches in diameter and in lengths up to 20 or 
24 feet. It is btmded with heavy wire wound on by machine under 
appropriate tension. For connecting together successive lengths, 
different types of coujding may be employed. 

In one type of such coupling a coupling bfuid is used, the inside 
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diameter of vMoh u only slightly less than the outside diameter of 
the pipe. The ends of the pipe ore then slightly redaced in diameter 
so that a tight joint may be made with the coupling band. The 
latter is then forced for half its length on to the end of one of the 
lengths of pipe and the next length is forced into the other side of the 
ooapling, thus completing the joint. A 
ooai^g band of this character is made 
up the same as a short length of pipe with 
wire or steel-rod banding to give it the 
aeoeesary stxenKth. In fact such coupling 
bands are usually handed up to perhaps 
double the strength of the pipe, in order 
that they may stimd the Btress which 
develops from forcing them on to the end 
of the pipe. 

A second form of coupling shows a 
similar band or sleeve, but with inside 
diameter somewhat less than the outside 
diameter tA pipe. The latter at the ends is then reduced in 
diameter to two-thirds or one-half thickness of the wood for the 
length of bearing, and the joint is assembled aa before. 





Fia. 122. — SADDia TOB RoTmn Bod Tna — Wood Stavk Pipe. 



In a third form, used only for small pipes and light pressures, 
one end of a pipe length is reduced in diameter to about half the 
thickness of the wood and a corresponding counter bore is made in 
the companion end of the adjacent length. These are then forced 
together and the joint is oomjdete. 

Instead of wood couplings, cast-iron couplings of suitable form are 
sometimes employed. For elbows, Ys and Tees, oast-iron fittings 
are commonly employed. 

Continuous wood-stave pipe is made by assembla^ in fdace, 
breaking joints with the sucoessive staves so that the entire line 
becomes a continuous structure without joint or break in con- 
tinuity. The banding of such pipe ooneiste of separate ring bands, 
usually of round steel, threaded at one or both ends, fitted with a 
suitable saddle or end fitting and set up with nut, as shown in 
f^g. 122. Such pipe is made In diameters ranging from 12 inches to 
100 inches fmd more. 
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The following thicbneeses of staves for maohine-banded pipe have 
been generally adopted by manufacturers of this atyl& of pipe. 



DiamtltT. 


ThiehuM 


3 inch. 


1 mch. 


4,5,6 „ 


lA „ 


8,10 „ 


U ., 


12, 14 „ 


lA „ 


16,18,20 „ 


IJ „ 


22,24 „ 


lA „ 



For continuous stave ppe the thiokneas of the stave increases 
somewhat with the size and with the pressiire. The variation with 
the pressure has two purposes : 

1. To secure increased general rigidity and solidity of construc- 

tion with advancing pressures. 

2. To allow for the necessary bearing prrasure between the sides 

of the staves. 
The following table gives the general range of thicknesses 
employed : 

DiamfUr, TMehtegt. 

Under 26 inches. Ij inches. 

24-26 „ 1-^ „ 



28-34 
36-44 
4&-64 
56-72 
74 upward 



1* 

H „ 

2 inches to 3 J inches 

2f „ 3i „ 



In pipe of this construction the band, when the pipe is under load, 
must carry the total load due to the internal pressure plus the 
reaction due to the compression between adjacent staves. Some 
degree of such compression is necessary in order to insure a water- 
tight joint with the pipe under load. The bands must therefore be 
put on with such initial tension aa will insure the necessary degree 
of residual comj^ession when under full load pressure. When tbe 
pipe is not under load the tension in tbe band mil be that due to the 
original tension with which it is set up. When pressure is brought 
on the pipe the tendency wiU be to force the staves outwit, 
relieving the compression but increasing the tension in the bands so 
that under actual working conditions the total band tension must 
equal, as above noted, the sum of the load due to water ju^essure 
plus the reaction due to the comfR^ssion. 

Vis. A. L. Adams,* in recognition of this general principle, has 
developed a formula connecting the pressure, size uid spacing of 
bands, thickness of stave, etc. He assumes the extra load due to 
edge compression in the staves to be measured by 1-6 times the 
water pressure over the contact area of the staves plus an t^owance 
* " Tnuu. Am. Soc. C.E., 18W," p. ST. 
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of 100 (pi2) for Bwelliug of the wood when wet. On this assumptioii 
the formula developB as follows : 

•' (ii+l-«)p+10W 
Where /=b(md spadug (i). 

,§=teiisile load carried hy band (p). 
B=int©nial radius of pipe (i). 
f =thickness of stave (i). 
p=water pressure (pi2). 
Mr. D. G. Henny* considers that the allowance of 100 (pi2) in the 
Adams formula for the swelling of wood when wet is ounecessary, 
uid prefers the formula 

J (ft+l-«)p 

The buids, when in the separate or ring form, as for continuous 
pipe, are upset at the thread ends so as to give full section of metal 
at the root of the thread. 

The working stress in the hand may be taken from 12000 to 
16000 (pZ) according to character of service. 

Ill addition to the tensile load carried by the band itself due 
conraderation must be given to the question of the bearing or 
crushing load on the wood under the band. For redwood (Sequoia 
aempeviTens) a bearing value of 700 (pi2) may be emfdoyed. For 
Dou{!^ fir {Paevdotauga Muoronata) bearing values of 800 to 
1000 (pi2) are employed. In determiiung this value it is assumed 
that one-half the diameter of the round rod or wire bears against 
the wood. On this assumption and denoting the bearing pressore 
by B and diameter of band by d, we have for the relation between 
B wad S the equation 

B(S+t)^=8. 

In selecting the banding there are two variables, the spacing of the 
bands and the diameter of the rod. If there were no limitations to 
either of these, values could always be selected which would give 
any desired combination of values of tensile and bearing stress. 
Both dimensions must, however, be limited. The spacing cannot be 
greater than 8 or 9 inches tmd only theoi for very low pressures. 
Ag^, bands smaller than ^ to I inch corrode too rapidly, while 
those greater than { inch are too stiff and difficult to readily handle. 
Within these limits the desired dimension will not always secure 
both bearing value and tensile stress as desired and hence it may 
become necessary to design for both and take the final dimensions 
according to which of the two controls. 

For the smaller sizes of pipe, for example 12-inch diameter and 
less, the bearing value is likely to be the contrcdling feature taxd 
• Ibid., p. 68. 



ty Google 



MATERIALS, CONSTRUCTION, DESIGN 



209 



must therefore be carefully considered. For the lu-ger sizes of pipe 
the stress due to the presaure is usually found to rule and the bearing 
pressure may therefore be neglected in the computation. Where any 
doubt may exist, however, the determination should be made in beth 
ways and the safer value taken. 
Table XXV shows the size and spacing of bands recommended 









lABLE XXV 












■sS 


BANDS 


i 1 


SPMlw In iDCbu [01 Bads In Feet 


















Mrert 


60lMt 


76lMt 
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Band Spacing for Wood Stave Pipe. 

for service under various pressures as indicated in terms of water 
head.* 

It thus am>earB that in such a combination of wood staves and 
steel bands the latter provide the necessary strength under internal 
pressure while the staves provide for a watert^^t inclosure, insure 
the necessary stifiness and general coherence as a structure, at the 
same time protectii^ the biutds against corrosion by the water. 
* Fumidied by Mr. J. D. GallowRy* 
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As fdready noted in Sec. 69, it is not practicable to reduce the 
thickness of steel pipe below some minimum value which according 
to size may range from ^ to perhape i^ or | inch. This minimum 
thiokness is necessary regardless of stress due to internal pressure 
and in order to secure stiffness, resistance against collapse under 
external pressure and by way of excess mat«ri^ to provide adequate 
life under corrosion extending over a period of years. 

It thus results that under appropriate conditions, a combination 
of wood staves and steel bands may provide advantageous con- 
aimotion for light or medium pressures. 

By way of example assume a pipe 21 inches diameter under a 
pressure of 50 feet of water. Then from Table XXV we find per foot 
of length two J-inch bands giving a net section of -40 (i2) per foot 
of pipe. 

On the other hand, for an tdl-steel pipe under these conditions 
I to i)^ inch would be considered a minimiun thickness, at least 
having in view a reasonable life. This would mean a cross section 
of 1-5 to 2-25 {i2) of steel per foot of length for the all -steel pipe. 

It therefore appears in this case that strength alone can be 
secured by the use of one-fifth the amount of steel which an all- 
steel pipe would require. It then remains to be determined whether 
the combination per foot of -40 (i2) of steel section with the necessary 
wood staves will fumisii a more economical or more satisfactory 
pipe than the use of l-S to 2*25 (i2) of steel section per foot aa re- 
quired by aU-steel pipe. This will naturally depend on special or 
local conditions and on the special advantages which the wood pipe 
may be able to ofiEer. 

Among others the following special featorea may be not«d. 

Wood stave pipe is not subject to corrosion or tuberculation, as 
in the case of iron or steel. It furthermore resists corrosion or 
damage under the attack of acidulated water or many chemicals 
which cannot be safely liandled in iron or steel pipe. 

Regarding frictionat resistance, the nomial coefBcients are 
somewhat better than for steel pipe. As noted in Sec. 7, when new, 
a value of m=-011 may be employed, or values of C varying from 
120 to 135 according to size. Ihie also to the absence of corrosion 
the coefficients remain higher than for iron ot steel pipe of the 
same f^. The ultimate state of the interior surfaces of wood 
stave pipe, in common with many forms of water conduit tends 
toward the development of a sort of gelatinous slime covering 
with a value of n perhaps -012 or -013 and with values of incieaaed 
accordingly. 

Due to the elasticity of the wood and of the banding it is not 
liable to rupture when the contained water is frozen. The necessary 
expansion is taken up by the wood and by the bajiding. 

In the matter of durability, wood stave pipe of Caljfomia red- 
wood {Sequoia sempervirens) has often given results comparing 
favourably with wrought iron or steel. It should, however, be kept 
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filled with water. Alternate wetting and drying out of wood stave 
pipe will bring about rapid deterioration. Wood stave pipe, as a 
rule, decays from the outside, and it is therefore desirable to have 
such pipe exposed where it can be examined and kept painted with 
a suitable jn-otective covering. The ueual coating is hot tar with 
an outer coating of sawdust. If this coating can be kept intact 
and the pipe kept filled with water the life ahotild range to twenty 
years and upward. 

The steel wire or rod banding must also be protected from cor- 
rosion by suitable protective coating, or otherwise the security of 
the pipe against rupture will be endangered. 

66. Reinforced Concrete Pipe 

Reinforced concrete pipe has already been briefly mentioned. 
The field of usefulness is restricted to light pressures, as for wood 
stave pipe, and for the same reason. It is, in fact, clearly seen 
that the concrete in the one case exercises the same function 
that the wood stave does in the other ; it supfdies stiffness and 
protection against corrosion. 

In addition to circumferential reinforce, a certain amount of longi- 
tudinal reinforce must also be provided in order to give longitudinal 
coherence and strength, togetiier with the needed strength under 
possible bending stresses. 

One serious limitation of concrete pipe is in the difficulty of 
making it watertight, especially under any but the lighter pressures. 
The consideration of ways and means for rendering concrete water- 
tight, or aa nearly so as possible, is aside from the main purpose 
of the present work and the point can only be noted here in passing. 
The fact, however, must not be forgotten, and the difficulty of an 
entirely satisfactory realization of wat«rtight concrete and of the 
avoidance of small cracks and consequent leakage must be con- 
sidered as constituting a serious limitation to the practicable use of 
such materials in pipe line construction. 

67., Design 

The given quantities in the usual problem of design are the 
following : 

1. The rate of flow or quantity of water to be himdled. 

2. The head under which the line is to operate, and the general 

profile and topography of the line. 
The principal quantities to be determined are the following : 

1. The diameter or the genersJ distribution of diameter aiang 

the length of the line. 

2. The determination of thickness and its distribution alcng 

the length of the line. 
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3. Details of joints and cotmeotioDB. 

4. Dedgn oi moimtiogB and fiztuieB. 
6. Design of piers and anchors. 

Diametei ol Line— Economic Siie. — The deternilnatioD of the 
diameter of a pipe line is an economic problem. Whether the line 
is to be used for the deliTery of power to a water wheel or for the 
carrying of water or other liquid under a pressure bead, the following 
fundamental elements are involved : 

(1) The lost head resulting from the flow through the pipe and 

the annual value of the head thus used up. 

(2) The size and weight of the pipe, the cost of the same installed 

in idace and the annual charges on such cost. 

It is obvious that as the pipe is larger, it«m (1) will decrease and 
item (2) increase ; and inversely as the pipe is soLaUer. 

Further, it is evidrait that each of these items must be viewed in 
the light of ui expense or cost tuid that the sum of the two repre- 
sents the total annual cost chargesMe gainst the jape line itself. 

The economic problem therefore reduces itself to the finding of 
such a size of pipe as shf^ make the sum of these two items a 
minimum. In Appendix IV will be found a brief mathematical 
discussion of the general problem of the economic determination 
of a variable element in an engineering design. 

In the case of a pipe line under specially restricted and simple 
conditions it is possible to ex|»resB algebraioally the various 

autuitities involved, and thus to derive an algebraic formula for 
le economical diameter in terms of the ruling conditions of the 
problem. It wiU be instructive to examine briefly this special case, 
in partioular for the light which it sheds on the genersl character 
of the relation between the economic diameter and the controlling 
elements of the problem. The special conditions of the assumed 
case are as follows : 

1. The diameter is uniform. 

2. The gradient is uniform. 

3. The thickness bears a constant relation to the product of the 

preraure by the diameter. 

4. The weight per lineal foot bears a constant relation to the 

product of the thickness by the diameter. 
In the typical pipe line problem none of these conditions is ful- 
filled. The diameter commonly decreases in steps from upper to 
lower end, and for reasons to which further reference wfll be made 
at a later point. The gradient is rarely uniform, but more commonly 
follows, in some measure, the accidents of the topography. The 
thickness, instead of showing a uniform relation to the product of 
pressure and diameter (that is to the stress due to internal pressure), 
varies necessarily by steps according to the thickness of plates 
commercially avtulable, and at the upper end, as we have previously 
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seen, there ia likely to be a thickaess in exoeas of that required for 



In spite of these difiarenoes between the actual and the asfiumed 
case, the indioations of the latter are hif^y instructiTe, and may 
serve further to give a very dose first approximation in many aotuf^ 
coses. 

Let ^=:anaualchai^^ on investment in pipe. 

F— annual value of the head used up in friction. 

a=coBt of pipe per pound installed in place (dollars). 

&=rate of interest for fixed charges on pipe (decimal). 

c=value of one horee-power year (dollars) estimated at 
lower end of jape line. 

w^denfiity of water (pf3). 

(7i=deDsity of et«el (pf3), with allowance for la^n, butt 
straps, rivet heslds, eto. 

/)=^diametOT of pipe (f). 

e=efficiency of longitudinal joint. 

7'=8afe working stress in Iraigitudinal joint (pi2). 

C'=coe£6(!ient in Gbizy formiua. 

F=rate of flow (fSs). 

L=length of line (f). 

B and H,Mm Fig. 123. 



« 




"~^.' 


'. 








^^ 



Fio. 123. — Dbsion 




Case 1, — ^For the above-indicated simple case we then readily find 
as follows : 

ThickneBB at lower end=-5-5i — ^^(f) 



ZeTxlU^ 



Thickness at upper end- 



wHJ) 



(f) 



Mean thickness =—^-= — —^ (f) 
Circumference = jiD 

Hence X= '\^^^ ..(6) 
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dD~ 

dr__ScS 

dD~ D' 
To fmd the conditions for a minimum of the sum of X and T w& 
put the Bum of the deriTatives equal to zero and solve for V. This 
gives ; 

--m' <»' 

Restoring the values of S and P, and collecting all numerical 
veJnee into one term we have 

°='-''™( -^vT(H+2fl.) )* W 

The value of a^ is intended to allow for the excess of weight of 
the actual pipe over that of a shell with geometrical volume jrDtL. 
The value to be used will therefore eic^d the weight of a cubic 
foot of steel in the same ratio as the weight of an actual foot of pipe 
exceeds that of a volume wZX. 

Tables of weights based on good design shoiV that for lap riveted 
pipe the value of ci will be about 600, while for butt-atrap pipe it 
will rise to values about 700, relatively larger in each case for thin 
plates and smi^er lor thick plates. More accurate values for any 
given case may be derived from the weights in Tables XXVI 
andXXVn. 

In this same connection, Merriman* gives a formula for the 
weight of lap-riveted pipe as follows : 

w=12-5I«+10. 

Where w—weight in pounds per lineal foot and D and ( are taken 
in inches. 

The indications of this formula agree fairly with the weights in 
Table XXVI. 

* " Civil Engineer's Hand Book." 
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The fcam of (10) shows that D varies directly with eTe and V, 
and inverseiy with a, h, C and (H~^2Hg). The physical interpre- 
tation of these relations will prove interesting to the reader. We 
also note that the variation with all of the factors except V is very 
slow. With F it is a little less than as the square root. Thus a 
change of, say, 20 per cent in any of the factors except V will aSect 
D by a little more than 2J per cent. The same percentage change in F 
will afiect D by about 8 per cent . The variation of D with a change 
in the various factors in (10) except F ia then very sluggieh or, in 
other words, any given value of D will hold approximately over a very 
considerable range of variation in these various factors. To change 
in F, the value of i) is more quickly responsive aa noted. It may 
also be noted that equal percentage changes in certain of the factors 
will leave the economic diameter unchanged. Thus equal changes 
in a and c will not afiect the value of D. 

It may furthermore be readily shown by substitution from 
(9) in (7) and (8) that when the economio value of D is 
employed we shall have X=2-&Y. That is, the total fixed 
charges on the pipe will be 2-6 times the annual value of the 
total lost head. 

Equation (10) thus serves to establish the econonuc value of a 
constant D on the assumption of a value of t varying and at tUl 
points proportional to a head varying from Hg to (H^-\-H). An 
ideal line thus determined, would therefore extend over this range 
of head, with continuous change in t from one end to the other, 
while remaining fixed in diameter as determined in (10). 

It will be noted that the value of D thus found is independent of 
L, this term occurring on both sides of the final equation for D 
and thus cancelling out. Otherwise we note that both X and 7 
necessarily vary, each directly with L and hence the relation which 
makes their sum a maximum or minimum is independent of L. 
This means, in effect, that the value of D thus determined is inde- 
pendent of the line gradient. 

The line must, however, extend from head Hg to head (U ^-\-B), 
and hence the minimum length must be H, implying a vertical line 
With any other gradient the length will be greater, but no matter 
what the gradient may be (assumed constant) the value of D will 
give the economic diameter for a pipe of uniform size extending 
between these limits of head and with t continuously vaiyiug with 
the total head at the given point. 

In the case of a varying gradient, the total line niay usually be 
divided into a series of parts, each with a sensibly uniform gradient. 
Then by the use of the same equation (10) the economic diameter 
for each section or part may be found, using for H ^ the total bead 
at the upper end of the section and for H the difference of head 
covered by the section. This will, in general, give as many different 
diameters as there are sections, continuously greater && we go from 
the lower to the upper end of the line. 
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Catt 2.— Tftpving Pipe Uae with t eontinaotuly proportional to 
D(H„+H). The assumption of a imiforni diameter of line from 
one end to the other necessaiily implies a limitation in the search 
for the most economic of all lines. The resulting D will indeed 
be the economic value on this assnmption, hut it does not follow 
that the removal of this restriction may not reeolt in an economic 
result of still higher value. 

To develop the possibilitieB of a varying diameter let ns seek 
to determine the economic value for an element of the jnpe extending 
from total bead (B„+H) to {H^+H+AH), where ^IH is a small 
or (at the limit) differential element of head. 

Li equation (10) the part {dayed by H„ here becomes {H,+H), 
while H becomes AH. At the limit then {H+ZB^} becomes 
2{B,+H), and we have 



°='-"'°( 2^,.gvr.+g) )- '"> 



r.y- 



In this equation, H is, of coarse, to be taken as a variable with 
values ranging from to the value as in Fig. 123 at the bottom 
of the line ; or otherwise {Hg+H) is to be taken aa the total head 
at the given point, ranging from one end of the line to the other. 

It is readily seen that this equation will give, from one end- of 
the line to the other and for corresponding values of the total 
head {S^+H), a series of values of D, increasing from bottom to 
top. The value at the bottom of the line where [Hg-\-B) is the total 
head, as in Fig. 123, will be less than the value given by equation 
(10) ; while the vidue at the top, where (B^+B) becomes Bg, will 
be greater than the value by equation (10). 

By suitable investigation it may be shown that, tot a section ot 
uniform gradient, the ratio of the weights in the two cases is given ■ 
as follows : 

Where If g^weight of tapered pipe 
lFi=weight of uiufonn pipe. 

By a suitable investigation, it may also be shown that the ratio 
of the values of the friction head in the two oases, h^ taid A^ is the 
same aa for the weights. 

It may also be readily seen that with these values, ff", and A, 
will each be less, respectively, than fT, and A„ their values becoming 
equal when B=0, that is, when the line becomes horizontal and 
in operation under the head Hg. 

Equation (11) gives therefore, in the general case, an ectmomic 
value of D corresponding to each value of the total head (B^+H) 
from top to bottom of line. With a profile of the line Wd down, 
the distribution of D along the length is readily determined, and 
thus all characteristics of the line become known. 
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Case 3. —Pipe Line with Stepwise Variation in Thickness. — 
Actual pipe lines cannot be made with thickness of shell varying 
continuously with the head or with the product of head and diame- 
ter. They must rather be made with thickness varying in steps in 
accordance with the commercial materials available. Steel pUite is 
usually obtainable in steps of one-sixteenth inch, and a^uming 
such or similar steps it becomes of interest to examine the problem 
of the economic diameter of line with such a stepwise distribution 
of thickness. 
For any one element or section of the Une let 

(^thickness of shell (feetj 

Ji=length of section with constant thickness t (feet)] 

We have then, using the same general notation as before : 

X=ab itDt a^AL. 
While Y has the same value aa before with the substitution of 
At for L. 

Treating these in the same mamiei as before for the minimum 
value of X-\- Y we find 

/ 32ctPr* U 

or with w=62-4 



.(13) 






^=^-^^\^c^t) (1*) 

It wiB be again noted that the value of D is independent of the 
element of length AL and for the same reason as in equation (10). 
It results that the value of D thus found is the economic value for 
this constant value of t, and from the lowest point where the head 
and thickness sustain the proper relation for strength, upward as 
far &B this value of ( is carried. 

Suppose then that ti, t^, t^, etc., denote a series of thicknesses — 
differing, for example, by -^ inch or y^ foot. Let i>„ D,, D^, etc., 
denote the corresponding values of D found by (14). Then the 
lowest point at which any given combination of D and t will fulfil 
the conditions for strength will be given by the relation : 

w/)(fl'+H,)=288c(2' (15) 

There wUl thus result a series of values of H which we may 
denote by £fj, H^, H^ etc. Then t^ being the thinnest plate, it 
appears that the successive sections of pipe will extend over ranges 
of head as follows : 

Di, ti from B=Hi to H=0 
Z)„ tt from ff =ff J to B=Hi 
Dg, (s from H=H^ to H=Ht 

If for any reason (^ or (j were taken as the Tni pitniim thickness, then 
similarly the combination D,, t^ or O3, (g would extend from H—H^ 
or H^io ff=0. Otherwise it appears that beginning at the point 
where H=B^ for example, the combination D^ (j will extend 
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apwwd as fai as the thlckiiess fg is carried. Natur^y this will 
be only until the next comlHnati<m D^ (, can be made available. 
In this miBuier the range of head ie determined for each comlnnaticm 
of D and I. 

With the profile of the line laid down, the lengths of section 
oorreeponding to theBe Tarionfi ranges of head if,, (H^—H^, etc., 
are readily determined, and thus the line becomes known in all itfi 
characteristics. 

laflnence (d Variable Flow on Economio Size. — ^In the various 
oases of economic design thns far considered it is noted that the 
lost power is proportional to 7", the cube of the rate of volume 
flow. Hence in the case of variable flow the mean lose will bo 
jiroportional to the mean cube of the variable rate of flow, or 
approzinLately to the mean cube of the v^iable power developed. 

If, therefore, we have ^ven a curve showing the typical or 
accepted variation of flow through taiy unit period of time, as 
per day or week or mraith or year, we may cube the various ordinates 
of such a carve and find in any convenient manner the mean cube. 
This taken for V in the precedii^ formnlse will then give the con- 
ditions for economic desi^. 

General Comment on Economic Fonnalse. — With reference to 
the various formulae developed above tor the economic diameter of 
a pipe line, there will result, in meet cases, certain departures 
from any mathematical ideal as contemplated by a formula. These 
departures arise chiefly in connection with the relation of the 
weight of the pipe to the defining dimensions D and t, also in the 
varying price per pound which may exist as between lap-riveted 
and butt-strap riveted pipe, also in the eSects arising from irregular 
profile and also in the influence on pipe line cost, of the specials 
required to connect together sections of different diameters. 

For these various reasons, any indication regarding economic 
diameter as given by formula should be checked with reference to 
the influence which such factors may have on the final values of 
the two terms X ajid Y, and on their rate of change for a small 
change in the diameter of tho line. 

Reference should also be made to further reasons which may 
exist for decreasing the diameter of pipe toward the lower end, and 
quite independent of the problem of economic design. These are 
found in the increased difficulty of rolling heavy plate to circular 
form with increase in the thicknera ; and also in the increasing 
difficulty of riveting up and handling extra heavy plates in the field. 
It is true that the cfifficulty in rolling heavy plate increases with the 
decrease in diameter as well as with the increase in thickness ; 
nevertheless, the thickness factor is on the whole the more impor- 
tant, so that while the decrease in diameter will partly offset the 
gain due to decreased thickness, there will result, at least within 
limits, some balance in facility of fabrication for the reduced size of 
ppe. Again, while there is no abeo]nt« limit to the thickness of 
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plates which can be worked and assembled in the field, yet it is a 
well-known faot that the practical difGculties rapidly increase from 
linohor l^inohee upward. Broadly speaking, plates l^to Ifinchea 
in thickness are close to the limit of effective and satisfactory work 
in the field. H therefore the circnmferential joints are to be riveted 
rather than flange joint connected, it is desiiable to hold the thick- 
ness not to sensiMy exceed 1 J inches. Bat the thickness with any 
given pressm* is durectly proportional to the diameter. Hence by a 
suitable reduction in diamet«r at the lower end the thickness may 
be brought within an acceptable limit. 

Thus by way of illustration. Given a total static head of 1400 f . 
Then p=-433>< 1400=606. Suppose that the use of equation (14) 
in this case indicates for the lower end of the line a diameter of 
60 inches with a thickness of If inches, and suppose that this 
thickness is considered undesirable and that it should be reduced to 
1-^ inches. This wiU correspond to a diameter of 52 inches. These 
values win not be economic, but may be considered necessary, due 
to the reasons noted above. The question will then arise as to what 
extent this departure from economic conditions may be compen- 
sated for in the remainder or in the upper parts of the line. 

A first approximation to such compensation may be arrived at as ^ 
follows : I g] 

The economic lower diameter is 60 inches with 1| inches thick- ,'J 
ness. Suppose the niini'T' i"" thickness employed at upper end to be ^ ^ 
tV inch. Then the range of thickness is ift the ratio of 6 to 22. ^ t. , 
Equation (14) shows that the economic diameters vary as thesixth n: % 
root of the thickness. Hence the diameter range will be (4-4)^= 1-28 P '■; 
and if the lower economic diameter is 60 inches the upper would be % ^ 
76'8. If then instead of an economic line with diameter tapering ^ 
from 60 inches to 76-8, we substitute a line with taper from 62 to U \ 
say 84 inches, thus giving approximately the same mean diameter, (l y- 
there will be an approach toward compensation and such a dis- '■} 
tribution will give at least a first approximation toward the moBt>- |l 
economic line under the limitations imposed — a distribution ofil 
diameters which may be checked by one or two trial layouts on '^. \^ 
either side of that proposed. £: j 

Detennination of ThiotmeBS. — The thickness of the metal forming ^'^ ^ 
the shell of the pipe must be adequate to meet the following^ ^_ 
requirements : "^ -t 

(1) The maximum static or steady condition pressure to which L 
the pipe is likely to be subjected in operation. ^ 

(2) Any excess pressure due to shock at water hammer to which "' 
the'pipe may be exposed. 

(3) Collapsing pressure due to a reduction of the pressure on the 
inside to less than the atmospheric pressure. 

(4) StifEnesB and rigidity and strength to meet such bending 
stresses as may be set up due to the action of the pipe as a beam. 

(5) Any reasonable special stresses to which the pipe may be 
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subjected as a nsult of expuudoo and contraction under tempera- 



(6) Special strese due to distortion of the cross section of pii>e 
from true circolar form, or faUnre to realize this form as in lap- 
rireted pipe. 

(7) The tisnal variations to be expected in the strength of the 
plates resulting from the accidents of msmnfacture. 

(S) Corrosion and wear, in order that the pipe may hftve a life- 
time of reasonable lei^th and without a too rapid decline of the 
factor of B^ety. 

In order tlut requirements (3), (4), (8) may {Mroperly be met, a 
lower limit is usually placed on the thickness, regaidlesB of the 
etrength called for by the other requirements. This louver limit, as 
eieer^oie noted, is usually not far from one-quarter inch. At some 
point in the line as 0, Fig. 123, the thickness required to insure the 
necessary strength against internal presstcre will be ^ inch. Then 
from this point to the upper end of the line the thiobness is held 
uniform at this value, wtule from this point down it is increased 
in accordanoe with the strength requirements of the case. It must 
not be assmned, however, that a thicknese of ^ inch will insure 
against collapse under extern^ excess pressure. This will depend 
on the diameter. This thickness will, however, with the usual 
sizes, give a fair collapsing strength under a slight excess of external 
pressure and the air reliet valve, as noted in Sec. 74, must be 
depended on to prevent any greater external excess than can be 
safely carried by this thickness. 

Requirements (1) and (2) relate directly to stress resulting from 
internal pressure. In order to meet these requirements with due 
allowance for the others, as in all ei^pneering work, it is customary 
to base the design on the load which can be detonnined with some 
degree of certainty and te include e^ other unknown loads and all 
muflin of uncertainty in the so-called factor of safety. In the 
present case we may design primarily with reference to require- 
ment (1) ajid depend on the factor of safety to provide sufficient 
maxpn for all of the other requirements fuid for the general out- 
standing margin of assurance desired ; or, otherwise, we may add to 
the pressnie representing requirement (1) a certain amount, often 
taken from 60 to 100 (pi2} and representing requirement (2). The 
factor of safety need then include only the remaining items with the 
outotanding mugin of assurance. 

.'^th modem approved appliances for controlling excess p^ssure 
due to shock (see Sec. 76), the amount to be anticipated should not 
be too great to permit of merging with the otiier tmcertain quantities 
under a fairly liberal factor of safety. 

The preceding remark regarding requirement (3) should not be 
here forgotten. The factor of safety is not expected to necessarily 
insure against collapse. It may or may not, depending on the 
thickness used. In a pipe nndw high head it will undouMedly be 
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thick eaoagh at the lower end to withatuid ftUl coUapdng preBsure, 
but may not be toward the upper end where the thiokiieaa ap- 
proaches the lower limit assigiied for the line. 

As a still further or somewhat difFerent factor of safety, a oonsttuit 
thickness is sometimes added, as in Fanning's formula for cast- iron 
pipe (see Seo. 58), in order especially to provide for numbers (7), (8). 

Assuming that all requirements other than (1) are to be covered 
by the factor of safety, it becomes of importfuice to inquire what 
values may be given to this factor. Experience indicates that 
values from (1) to (5) will insure a safe and satisfactory dedgn. 
Furthermore, dnoe the longitudinal joint is the weakest part of a 
riveted or welded pipe under internal pressure, the use of such 
factors of safety implies actual working stresses in the longitudinal 
joint of from 12,000 to 15,000 or 16,000 (p2), assuming norm^ soft 
stoel plates with an ultimate tensile strength of about 60,000 (pi2), 
Wiiii a joint efficiency of e this will imply an actual working stress 
in the plate itself, along a longitudint^ line, reduced in the ratio=e/l. 



Pro. 124. — I.4roTJT or TmoKinss ov Phbbsttbd Hud. 

Passing now to aotual methods of design we note first the 
formula from mechanics : 

pD=2uT (16) 

where p=pre88ure (pi2) 
£>"= diameter (i) 
1= thickness (i) 

e^efficiency of longitudinal joint 
T^^^safe working stress in metal of joint (pi2). 
Transforming into terms of thickness, we have 

'=^ <") 

But p=v}S, where H=heBd at the givrat point and w=-433= 
factor for transformiug head of wat«r in feet into pressure in pi2 
Substituting we have 

'-■&" '-) 

It thus appears with fixed values of e and T, that the thickness 
will vary directly aa the product HD ; or with constant diameter, it 
will vary directly as the head H. 

In selecting the actual thickness to be used, convenient use may 
be made of the diagram of Fig. 124. First assuming the diameter 
uniform, lay ofi the line r to represent the head (if +Zr ,) (Fig. 123) . 
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OB is thsa laid off to iepiefl«it the value of t at the lover end, 
assnining an actual joint stress 12,000 to 16,000 (pi2) as may be 
decided upou. The line BY, using OY as a base, will then give the 
corresponding vdue of f at any elevation. At C this line runs into 
the minimum thickness line AO, which is laid off at the desired 
distcuioe from OY. The aotual values for any given elevation will 
then lie along AGB. The indications of such a diagram may usually 
be very closely realized by conunerdal sizes varying by 16ths of an 
inch. Such a diagram set up on the sheet with a profile of the line 
will indicate at a glance the lengths and locations corresponding to 
the various thicknesses to he used. 

In case the diameter varies, increasing from bottom to top, the 
variation will not be continuous but stepwise. The diagram 
corresponding to Fig. 124 for such a case will therefore show a 
series of Bt«ps as in Fig. 126, where three diflFerent values of D are 
indicated. 

To solve equation (18) for quick approximate values, a form of 
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Fie. 126. — Latoiit <a Teioehxss om Fkhssukb Hbad. 

straight-line diagram may be oonVMuently employed as illustrated 
in Fig. 126. In this diagram AB luid CD are paraUel lines with 00 
a perpendicular between them. The values of t in steps of i inch, 
for example, are laid off on OB with any convenient unit. The scale 
for e is laid off similarly on OD, and for D on 00. Then OA becomes 
the axis of H and the unit of the scale will be given by the relation : 
rr ■* _< « {'Jni* o* X (Unit of e) x -433 
trnit of H- (^tofZ>)x27' 

Thus if 1 inch of thickness be represented by 3-2 inches on the ass 
OB, 100% efficiency by 6 inches on OD, 100 inches diameter by 
6 inches on DC, and putting 7'=16,000, then unit of t=3-2, unit oi 
e=5, unit of D=-05 and unit of if =-00433 or 100 feet=-433 mch, 
and the scale may be laid down accordingly. 

The diagram then fulfils the condition that any two lines drawn, 
as shown, and meeting on the axis 00 will fulfil the conditions of 
(IS) and thus either one ot H, t, e or D may be readily found once 
the other three are known. 

In this general connection Tables XXVI and XXVII wiU be of 
value, the former giving the weight of lap-riveted pipes and the 
latter of doable butt-strap triple-riveted {apes, each for various 
diameters and thicknesses of plate as noted. 

These weights are based respectively on 6-foot courses and 
8-foot comsee, each with the usual allowanoefl for overweight of 
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rolled plates, aiid include tlie calculated vdghte of the joints and 
rivets and a coating o£ asphalt.* 



TABLE XXVI 



Weights, in Pounds per Foot, of Lap-Riveted Pipes 
Thickness of Plates (inch). 



3/16 
4B6 
54-6 
6»7 



8/18 
78 6 
86'6 
94-3 
102 



036 
102-7 
1121 
12M 



7/16 
109'9 
120-6 
131-1 
Ul-7 



40'& 72-2 93-7 1130 ISCl 167-8 1810 

B6-3 79-8 103-3 126-3 148-7 173-0 1991 

60-8 876 113-1 137-2 162-7 189-7 217-4 

660 95-1 122-3 1487 1765 205 4 2354 



131-6 
141-8 
lai-0 
180-2 

1096 
218-7 
237 8 



160-3 
1722 
1960 
2189 

242-6 

266-6 
288-8 



190-4 
2040 
231-8 
259-2 

286-9 
314-6 
342-0 



8330 
364-9 
396-7 



253-6 
271 6 
307-0 



380-4 
416-6 
4629 



9/16 
1470 



126-7 
138-6 
160-0 174-4 



2902 
310-7 

361<9 



WeigfU, II 



TABLE XXVn 



Pounds per Fool, of Butt-Strap Riveted Pipes. 
Thickness of Plates (inch) 



5/8 11/18 

255-7 279-8 



/4 13/16 7/8 
7-1 350-3 384 



320-3 369-7 394-2 460-0 



1,15/16 1 

426-6 460-3 

464-7 490-3 

4SS-0 502-4 531-0 

480-7 540-3 571-8 



286-2 320-7 363-8 386-4 423-5 482-9 B263 5794 612-6 

306-5 342-3 378-8 413-8 453-4 515-3 671-7 6185 662-8 

326-0 366-0 4038 441-0 482-1 547-6 696-0 666-8 693-0 

367-6 411-3 464-2 405-7 6437 61S7 667-9 734-3 777-5 

407-4 465-7 603-6 649-4 6026 681-8 738-7 811-0 867-9 

446-8 6009 553-8 6050 6610 748-4 809-0 SSeS 940-3 

487-6 6453 004-0 667-0 720-6 814-2 879-0 964-6 10207 

527-9 689-4 662-6 711-8 780-0 881-0 961-4 1039-6 1102-1 
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Thickness of Plates {inch) 

1-1/la 1-1/8 1-3/16 1-1/4 1-6/16 ]-3/8 1-7/16 1-1/2 

624-4 666-0 

667 611-9 663'! 686-4 

609'9 667-8 702-6 736-6 776 -1 809-2 

664-J 704-S 761-3 788-2 631-8 8649 9088 949-9 

690-3 760-9 799-2 838-1 684-1 920-4 964-8 10O0-9 

739 3 7963 846-6 889-4 036-1 976-4 10262 1071-3 

626-e 891-2 9469 994-5 1046-9 1091-6 11447 1190-9 

912 9837 1044-7 10968 1163-6 1204-4 1260-9 13185 

1004-9 10761 1142-2 1199-6 1261-2 1318-2 1380-9 1443-7 

1086 6 1169 1 12393 1301-7 1369-6 14271 1494-6 1661 7 

1171-6 1260-6 1336-1 1401-7 1473-6 1639-9 1612-9 16824 



68. Expansion and Contraction in Pipe Lines due 
TO Chanqes of Temperature 

The well-known formulae of phydca give us the following : 

Where L, and L^ are the two lengths, t is the change in tempera- 
ture and a is the coefficient of linear expansion. 

Taking t in Fahrenheit degrees we have for a as follows : 
Cast Iron .... -0000066 

Wt. Iron and Steel . . . -0000064 

Brass -0000100 

Copper -0000089 

It is often more conrenient to take the expansion for Li= 100 feet 
= 1200 inchee and (=100°F. This gives nombers 120,000 times the 
above, as follows : 

Cast iron . . . -66 (i) 

Wt. Iron and Steel . . . -768(1) 

Brass 1-20 (i) 

Copper 107 (i) 

As a closely approximate value we may take for steel pipe an 
expansion of | inch per 100 feet per 100°F. 

In the case of an empty pipe, temperature changes of 100° are 
by no means impossible, especially in countries where the skies 
are clear and the sun Inight. The total expansion of a line of 
pipe of considerable length Is therefore a quantity requiring definite 
and careful consideration. Thus a line 1000 feet long will show a 
total expansion for 100° rise in temperature of approximately 
7-6 inches ; for a rise of 50° only, an expansion of 3-76 inches, and 
otherwise in proportion. 
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69. Stresses in Pipe Lines due to Expansion 
AND Contraction 

Suppose a pipe line of length L rigidly held between abutments 
so that it cannot expand. Let the temperature rise t degrees, what 
stress will be developed ? We may treat this problem by assuming 
one of the abutments removed and the pipe free to expand, and 
then aek how much BtresB will be developed by compressing it at the 
higher temperature back to the original length. 

Denote the Btress by T. Then by definition of the coefficient of 
elasticity jB, we have 

Bnt ^=^=<^ 
Hence T=Eat. 
Inserting values for E and o for the four materials as above we 
have in each ease an equation of the form, 

T=Bt 
where B has values as follows : 

Cast Iron . . 66 to 112 (higher v^nes for lower 
Wt. Iron and St«et . 192 values oft)- 

Brass ^ . . 100 

Copper . 140 

It.thufi appears, for example, that rise of temperature of 100°F. 
in a steel pipe if held between abutments in such manner as to 
prevent expansion will result in a compressive stress of about 
19,000 (pi2). Similarly in the case of a fall of temperature in a pipe 
held between fixed aachors and prevented thereby from contracting. 
Precisely the same conditions will develop as above with the pipe 
mider tension instead of compression, and the coefficients relating 
tension to change in temperature will be the same as above. 

In the case of riveted pipe with sections connected with circum- 
ferentitd riveted joints, the sectional area of the rivets in shear will 
normally be less than that of the pipe itself in tension or compression. 
Let m denote the ratio of the area of section of shell to the section 
of rivets. Then the stress which must be carried by the rivets 
(except as partly taken by the friction of the plates) will be m times 
as great as the T above. Since the value of m may vary from 1-3 to 
1*5 it is clear that under extreme conditions of temperature change 
stresses may develop which will result either in the rupture of the 
cizcomferentiol joints or in straining them beyond the elastic limit. 
Similar conditions may develop with fiange joints under tension. 

The relief of pipe line from stress when subject to temperature 
change is reaUzed throi^ some form of slip or expansioa joint (see 
Sees. 49, 77). 
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70. ERECTION OF Steel Pipe Lines 

The chief points involved in the erection of a steel pipe line are 
the following : 

(1) The supply of suitable provision for carrying the down-hill 
thrust of the line and for safeguarding the permanent connections 
at the lower end (power units, pump discharge, etc.) from undue 
stress or disturbance due to such thrust, before the line has fijiaUy 
settled into its permanent condition. 

(2) Safeguarding the line at all points f^aioBt undue stress dne to 
changes of temperature. 

(3) The proper support and constraint of the pipe at all points 
during erection and before all parts are completely assembled. 

(i) Hydrostatic teat in sections of not too great length so that 
any weakness or faulty construction may be promptly discovered 
and remedied. 

Certain of these requirements are of special significance only in 
the case of pipes laid on steep slopes, as with power plant penstocks. 
Others are more general in character. In what immediately follows 
we shall have especially in view the case of steep -slope construction. 

The above various requirements in the case of steep-slope con- 
struction are usually best met by erection from the lower end 
upward. Requirement (1) should be met by the provision of an 
especially strong and reliable anchor block capable of safely carry- 
ing all the down-hitl thrust that can in any way be anticipated. Tn 
addition, many good engineers prefer to leave out, between the 
lower end of the line and the permanent connections, a short flange- ' 
joint filler piece which is not put in until the line is installed and 
has had time to settle into permanent condition. This Slier piece 
may then be cut to the proper length and inserted in place. In 
any case, however, the anchor block should be iostallea between 
the line and the permanent connections, as a means of absorbing 
all down-hill thrust and of shielding them from the stress which 
such thrust might produce. 

Requirement (2) will be met without additional features in case 
the design contemplates an adequate supply of expansion joints. 
In such cases, however, it must be home in mind that the pipe 
fixed at any given anchor block will push up the hill and draw back 
down the hill as the temperature rises and falk. Care should 
therefore be taken, and especially when the pipe is empty and in 
climates subject to wide fluctuations of temperatiure, to avoid any 
temporary constraint which might hamper ot prevent such tempera- 
ture movements. 

In case the pipe, when exposed to the sun, can be filled with 
wat«r, the temperature movements are greatly reduced, usually to 
a negligible amount. It is therefore always desirable to keep the 
pipe from the lower end upward filled with water as the erection 
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proceeds, both with refeience to the reduction of temperatnre 
movemmita and for purposes of strength and leakage test« as 
referred to below. 

Again, in oases where the jnpe is to be buried or where for other 
reason expansion jconta are omitted, the same care must be 
exercised during installation and while the pipe is uncovered, to 
keep the line fiUed so far as possible and to avoid hampering or 
preventing such movements as accidental changes in temperature 
may jsoduce. 

Again, it for tuiy reason a tine without expansion Joints is placed 
und^ complete constraint at two distant points and while still 
uncovered, special care must be taken to safeguard the pipe against 
undue temperature stress. Filling with water will usually meet 
every requirement. If this is not practicable, temporaxy shelter 
from the sun may be necessary. These various special precautions 
r^arding temperature movements are, of course, the less necessary 
aa the line between points of constraint is carved or provided with 
anises or bends. 

Requirement (3) calls only for the exercise of normal engineering 
judgment and care. The tendency toward movement under 
gravity or any other forces which may be involved, must be care- 
fully evaluated, luid if the feature of the permanent design are in 
any degree inadequate during the prooees of erection they must be 
snpidemented wim suitaUe means according to the requirements 
of the oaae. 

Requirement (4) calls for periodic hydrostatic tests. To this end 
there are required the following : 

1. Means for closing the section of line to be tested. 

2. Means for applying the test preesnre desired. 

The lower end of the line may usually be dosed without difficulty. 
If it is connected through to permanent units, such as a waterwheel 
or pump, there will be an intervening valve, the closure of which 
will meet all requirements at this point. If it is not connected 
through to permanent unite, the lower open end will usually be 
provided witb a flange. In such case a test blank flange should be 
provided, by means of which the lower end may be temporarily 
closed for test purposes and also for holding water in the line as 
installed, for reasons aa noted above. 

In ease there is an open plain end without flange, closure may be 
efieoted by means of a temportuy bulkhead (see ^c. 78). 



71. Piers and Anchors 

Pipe lines require deflnite points of support in order that the 
wei^t when filled with water may be oarried without danger of 
serious deformation through saving. Likewise at critical points, 
espedally where changes in direction are made, and st intermediate 
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points on long stxaight grades (espedally when steep), definite points 
of comidete constraint or anchorage axe required. 

Forms and OonsteaetiOll dt Pien. — In modem ei^eeiing 
practice piers are commonly made of concrete, al:2:4orl:2:6 
mixture of cement, sand and crashed rock representing standard 
proportions. Where the joer is intended to serve simply as a 
support for the weight of the pipe it is usually made of sufficient 
width to embrace about one-third or sometimes nearly one-half 
of the circumference. 

Where several lines are carried along parallel and olosely adjacent, 
the piers will naturally combine into a series of continuous concrete 
walls underlying the pipes at snitable intervals and formed with 
properly rounded depressions to receive Mid constrain the pipe. 

Ihie to expansion and contraction resulting from changes in 
temperature, the pipes must slide back and forth on the supporting 
surface of the pier. This slipping movement will be greatly facili- 
tated with relief of stress, both in the pipe and in the pier, by the 




Fio. 127. — SasiiiiKB tob Sttffobt ot Pipe Link. 

use of some form of metal bearing surface. A convenient (»id 
effective form of bearer for this purpose is shown in Hg. 127. 
AB is a cast-iron ring formed to the curvature of the pipe and with 
a rib (7 on the convex or lower side. This rib is received in a groove 
formed in the concrete pier, and the ring AB is thus kept in place 
during the travel of the pipe back and forth. The friction of steel 
pipe on cast iron is much less than on concrete, and the pipe will 
therefore sUp-with comparatively small r^istanoe on the surface of 
support. Furthermore, the slipping of a pipe back and forth 
dimitly on the concrete surface will tend to break oS and crumble 
the pier at the edges DJi, and in case an iron ring support is not used, 
the edges of the piers at D and B should be well bevelled away in 
order to save them from such action of the pipe. 

In the setting of piers in pipe-line construction, the point of 
primary importance is that of sub -foundation. The pier is intended 
to fun^sh a secure and dependable point of support for the jape 
line. This cannot be realized unless the pier itself has -also a secure 
and dependable foundation, either on bed rock or on hard ptui or 
other stratum not liable to yield or shift (^ to suffer damage from 
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local wash. In the best {vactice the pierB shotild be anohored into 
the sub-foondfition (prefw^bly bed rock) by vertical steel rods. 
Old railroad raila, or material otherwise possibly scrap, may often 
be utilized to excelleot advantage in this manner. This anchoring 
of the piers -into the sub-foundation is of special importance on 
relatively steep grades. Instead o( anchoring the pier into the bed 
rock by eteel rods, as above suggested, it will sometimes be prefer- 
able to exoavate into the rock and thus anchor the pier by pouring 
the concrete into the cavity, formed preferably with rough and 
overhanging sides. The entire question of the sub -foundation for 
piers and of the extent to which they should be tied or anchored 
into such foundation is one for the ezeicise of good engineering 
judgment, having in view the porpoae of the pier and the local 
conditions applying to the case. 

Anchm. — In addition to definite points of support, pipe lines 
require, at critical points such as angles and Y bnuicbes and at 
certain intervals on long straight grades, definite points of attach- 
ment or constraint. 

These are intended to furnish fixed points in the line for the 
anchorage of expansion joints and relative to which expansion and 
contraction can take place. Likewise they are intended to supply, 
especially on long uniform gradient«, a suitable number of pointa 
of complete constraint relative to movement of the pipe in all 
directions. 

In approved practice anchor blocks are made of concrete of the 
same mixture as for piers, and preferably with sufficient steel 
reinforce to insure strength and coherence under any stresses 
which can be anticipated. The question of sub-foundation is, of 
course, of special importance, and wherever practicable the anchor 
block should go down to bed rock or to an entirely dependable 
formation. Regarding anchorage to or into the sub-foundation, 
the same remarks apply as in the case of piers. Here, however, 
such anchorage should be considered as absolutely essential. In 
no other way can safety be assured against longitudinal movement 
under the stresses to which the line is subject. 

Special means must also be provided for securing the pipe to the 
block in order that the latter may fulfil its purpose. Such modes of 
attachment are usually of two kmds. 

(a) A circumferential strap passing over the upper part of the 
pipe and secured by bolts or equivalent fastenings anchored into 
the block. 

(6) A projecting rib or fiange, formed by an angle or T bar riveted 
arotmd the pipe and bedded in the block. 

Very commonly the concrete of the anchor block is carried up 
and over so as to ^itirely surround the pipe. A strap as in (a) acts 
primarily to prevent lateral displacement. When properly designed 
and set up, however, it may aJso be depended on to give secority 
against longitudinal movement. A ring or fisuge as in (6) acts 
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primarily to prevent longitadinal moyement. If, however, the 
concrete blcok with suitable steel reinforce is carried over the pipe, 
the latter will operate as a band or tie, thus providing seonrity 
against movement in both directions. 

In the design of anchor blocks, aa with piers, mnch will depend on 
the local conditions and special ciicumatances of the case. The 
engineer must simply hold in mind the ultimate purpose of the 
structure, and then adopt such means as the concUtions may, 
indicate. 



72. Relative Advantages of Buried or 
Unburied Pipe 

In many cases, such, for example, as municipal water supply, 
convenience will require that pipe lines be buried. In other cases, 
as, for example, a water-power penstock line on a rock hill side, the 
expense of burying may be practically prohibitive. In such cases 
the matter may be determined by necessity and independent of 
questions of relative advantage or disadvantage otherwise. In 
many cases, however, the conditions will be such as to admit of 
either mode of treatment as may be judged most advanta^^us. 
The various points of advantage and disadvantage may be summar- 
ized as follows : 

Regarding all matters related to inspection, repairs, upkeep 
generally and length of serviceable life, the advantages will Ue with 
the unbiuied pipe. Such lines may be readily inspected as to leaks, 
oondition of protective covering and condition generally. Repairs 
such as the calking up of leaky seams, are readily carried out. 
Repainting and general maintenance are also carried out under 
convenient conditions. Naturally all of these conditions, if taken 
advantage of, will make for the maximum serviceable life of the 
line. On the other hand, the buried line cannot be inspected or 
repaired or repainted on the outside, and these conditions will 
naturally reduce the serviceable life of the line. 

With regard to stresses developed under changing temperatures 
and the necessity of making provision for them by slip joints or 
otherwise, the advantage Kes with the buried pipe. As noted in 
Sec. 70 with the line continuously fuU of water, such stresaes are 
commonly reduced to a negligible amount. But pipe lines must be 
unwatered from time to time for internal inspection or repair and 
under these conditions, if exposed to the sun, changes in length may 
develop with severe stress, unless such changes are adequately 
accommodated by slip joints or suitably located bends. With 
buried pipe the line is protected from the direct action of the sun 
and the variation in temperature of the pipe, even if not carrying 
water, will be very much reduced. Under these conditions the 
stresses developed under changes of air temperatuie axe uaoally 
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ne^igible, uid the dedgn vill not therefore require the provisioii 
of special expansion joints, as in the caae of unburied pipe. 

With reg^d to cost of laying there ia no certain advantage with 
either side. The ooet of ditt^iing and backfilling will be saved in the 
case of the unburied pipe. Even here, however, a certain amount 
of ditching will be required in order to eliminate small irregularities 
in the ground. On the other hand, the cost of pier supports and 
anchors will normally be less for buried than for unburied pipe. 
Piers and anchors cannot in all cases be dispensed with in the caae 
of buried lines. Careful judgment will be required in accordance 
with the drcnmHtancee of the case. If the trench is carried through 
a hard permanent formaticm, the reqnirement of support, as snch, 
will be adequately met. Anchors for steep side hlU work will, 
however, be required at pointe to be selected with judgm^Lt. If the 
trench is carried through soft uncertain fonuatioiu, then both piers 
and anchors will be needed, distributed and spaced according to 
judgment. 



73. Protective Pipe Coatings 

The problem of the protective covering of steel or iron iBpes is 
fundamentally the same ae for all iron and steel structures. Whether 
open tar buried, corrosive agencies begin immediately to attack 
unprotected surfaces and operate unceadngly to reduce the met^Iio 
waJl of the pipe to the condition of crumbling oxides and metal 
salta. 

Such destructive agencdes attack both the internal and eztemfd 
surfaces of the pipe, the former according to the possible chemical 
reactions between the metal of the pipe and the liquid cMried and 
the latter according to the soil or earth formation in which the pipe 
is laid, alternations of moisture and dry-out, etc. 

The conditiona vary somewhat according to whether the pipe is of 
cast iron or plate steel and whether buried or above ground. 

Cast-iron pipes are usually buried. There is no fundamental 
reason for this except that under the conditions specially suited to 
cast iron as regards pressure and type of service, convenience 
usually requires them to be placed underground. There is there- 
fore no opportuiuty for periodic examination and repainting or 
retreatment. Whatever is done most be done when the line is 
installed. 

Fortunately cast iron is relatively resistant to the attack of 
corrosive agencies and under normal conditions a life of twenty 
years or upwards may be anticipated. 

Any comprehensive treatment of the problem of pipe-line 
corrosion and its prevention is beyondSthe purpose of the jnesent 
work, and we can only note briefly the fundamental conditions to 
be observed in canning out such measures. 
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The best protoctlTe coatings fall ioto two general < 
ohemically neutral carbon or graphite paints and coatings of a 
bitumaatic or asphaltic oharacter. 

Where paints are applied the surface should be thoroughly 
cleaned of all scale, dirt, oil, or grease. A coat of red lead is than 
commonly applied as a base and the carbon or graphite paint over 
this. Especial care should be taken to secure the maximum of 
surface dryness as the paint is going on. Faint will not effectively 
adhere to a moist or wet surface. The careful cleaning of the surface 
ie most important and the expenditure of a sum for cleaning, even 
approximating that of the paint itself, will be fully justified by the 
longer life of a coat of paint carefully laid on to a thoroughly cleaned 
and dry surface. 

In the case of bitomastic or asphaltic coverings, the most favour- 
able conditions E^e determined by a thorougUy cleiaied surface, 
warm or hot liquid and a warm or hot dry surface. In the case of 
small pipe (cast-iron commercid pipe, etc.) the hot dip in»)cesB is 
commonly employed, effectively realmng the temperature conditions 
indicated above. In the case of large pipe the covering must be 
applied by brush ; but even here, hot Uquid and a warm jape 
surface are important aids in securing a closely adhering and 
effective covering. The best of such coatings when properly applied 
give a hard, enamel-like, closely adherent surface which will, for a 
long period of time, reaiBt ordinary corrosive action. 
^All steel pipe lines, especially if buried, should be protected in the 
most effective possible way when installed. Especial care should 
be taken to see that the protective coating, whatever it may be, 
covers the pipe completely, that it is allowed to become dry and 
hard before t»tckfilling and that it does not become abraded during 
the process of filling the trench. 

Steel pipe, if uncovered, should be likewise carefully painted or 
treated, tn particular, care should be exercised to see that the pipe 
where it lies in the saddles is well covered, as also the saddles them- 
selves. The sliding back and forth due to temperature changes wUl 
inevitably abrade any coating which can be applied, but if the 
surfaces are liberally covered with protective material, the condition 
will be better than if left bare. 

Regarding the dipping process, it may be noted that cast iron is 
better adapted to this method than is steel. The looser texture and 
rough surface of cast iron seems better adapted to furnish a bond 
with the dip than is the relatively smooth surface of steel plate. On 
this account many et^ineers of experience prefer, for steel plate pipe, 
a paint coating, properly laid on as noted previously, as fumiuihig 
on the whole the best protection against corrosive agencies. 

Where pipe is laid in concrete and where it is desired that the 
concrete and iron shall bond together, as in an anchor block, the iron 
snifaoe should be left clean and unpainted in order to|'permit 
bonding with the concrete. 
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74. Air Relief Valves 

In the operation of a pipe line, conditions may arise which, at 
certain points, may drop the hydraulic grade line below the level 
of the jnpe ; see Sec. 14. This means that the pressure within the 
pipe will be rednced below the atmosphere and danger of collapse 
of the pipe may result. To prevent the development of such a 
condition or to control the sabpreseure within safe limits, an air 
relief valve may be fitted. This is, in effect, a form of safety valve 
opening inward and admitting air inside the pipe, thus preventing 
the pressure from dropping below an aesomed safe limit. In the 
ezaminatioD of this problem there are two main questions. 

1. What is the maximum drop in preasm* which may be con- 
sidered safe in the case of a pipe with given diameter and 
thickness ! 

2. What aggregate area of air valves will be required in order to 
prevent the drop in pressure exceeding this safe limit. 

The first of these involves simply the question of the strength of 
the pipe under an excess external load ; the second involves the 
hydraulic characteristics of the line and the problem of the flow of 
air through the valve opening. 

Regarding the strength of large cylindrical pipe agiunst coUapse, 
there is great uncertainty so far as direct experimental evidence 
goes. Existing formulae give the most widely divergent results. 
It is well established, however, that the double thicEneas at the 
joints — ^lap or butt-strap — gives an added element of strength, and 
that a uniform pipe without such locaJ stiffening rings would 
coUapse under a lower pressure than actual pipe with such local 
stiffening furnished by the joint doubling. Taking advantage of 
this fact, relatively thm pipe is sometimes stiffened further against 
collapse by a riveted circumferential angle iron, in the middle of 
each length, thus furnishing a definite stiffening ring at these points. 

Among the various formul» proposed, the foUowing by Love 
may be taken as giving an indication of the collapsing pressure for 
long uniform tub^ or pipe. 

p=65,000,000(i/Z>)' (19) 

p= pressure (pi2). 
t=tMckness (i). 
i)= diameter (i). 

This formula does not take account of any support derived from 
the doubling at the joints, and hence actual pipe is likely to show 
strength greater than as indicated by the formula. The error, 
therefore, is likely to be on the side of safety. 

If Love's formula is taken as primarily appUcable when LjD=^ 
or more, and if the collapsing strength for lesser values of LjD is 
taken as varying inversely as the square root of the length (all other 
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things the same), then an indication of the collapsing strength of 
pipe with angle-iron Btiffening may be found as follows : 

Pi=2-BpV L 

Where p is the strength as derived from (19), D is diameter a^d L 

'j length between angle-iron supports, both in the same nnits of 



Thus for illustration for t=-25 and i)=50 we shall find p=8 (pi2). 

If, however, we have angle-iron stiffening spaced at 100-inch 
intervals we shall have y'I^=-'J and p,=l-75p=14<l (pi2). 

Strength against collapse is also affected adversely by any 
departm* from a circular cross section. For this reason, other 
things equal, a pipe with lap-riveted longitudinal joint may collapse 
at lower pressure than if of true circular section. 

There is much need of further experimental data on the collapsing 
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strength of large riveted steel pipes under external load, and no 
present formula can be depended on to do more than give some 
indication of the probable load which such a pipe may safely bear. 

The second part of the problem, involving the hydraulic char- 
acteristics of the line, together with the assumed emergency 
condition, includes a range of possibly variable quantities and 
conditions so wide as to make a general solution scarc^y practicable. 
Typical cases will, however, serve to indicate the way in which an 
approach to a treatment of the problem may be made. 

In Fig, 128 let ABC denote a pipe line considered in two sections, 
Li, Lg, as indicated. For simplicity we may take the diameter 
uniform throughout the length from A to O. The necessary 
modification for variable diameter will be readily made by reference 
to Sec. 8. 

Then from Chapter I (45) for steady flow conditions and with no 
air-valve opening we shall have, for the velocity in the line : 



"=V 1 



. li- 



.(20) 
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For the resnltaat fffessuie head at £ we shall have 



i"''-(h+ky (^" 



Now BOppoee that this value of r is one which gives a hydraulic 
grade line NDJ with preasim head at £, as in eqnation (21), 
measured by BD below the atmosphere. 

Next suppose that it is desired to raise the presaure head at B up 
to Di, giving for AB a hydraulic gradient JffD, instead of ND. 
This new pressure will then tend to reduce the velocity in AB below, 
and to raise that in BC above the original velocity v. 
',. let q denote the new pressure in the pipe at B and u^ and v^ the 
new v^odties in AB and BC. 

We shall then have at B under the new conditions in Li 



1 ,"1 _I7 



Vi 



Oh- 

^i=W±t£ (22) 

2g'^C*r 

likewise at C under the new conditions in BC we shtdl have, 
just outside the nozzle or opening. 






2ff/~2ff fot'~"' OV "^ tg"^ 2ff 
/ B,+qlu>+Vi'rZg 

, i|.. (23) 

2gfm*'^0h 

In this equation no acooxint is taken of any Iobb of head resolting 
from the more or less alnnipt change of velocity from Vi to f,. 

With-()'=p we should find ijj=i;,. With q>p we shall have 
v,>«i and the difference in velocity must be maAe up by the inflow 
of something at B. li the something were water, the problem would 
be simple. The amount of such in6ow would be measured by 
(t>,— 1>,) multiplied by A, the o.b. area of jnpe, and it would only 
remain to provide suitable means for securing the inflow of water 
at this rate. In the actual case, however, air is the substance the 
inflow of which ia depended upon to maintain the pressure con- 
ditions desired, and such inflow is to be realized as a result of the 
difference between the pressure of the atmosphere and that within 
the jnpe at the point B. The air thus drawn into the pipe is sus- 
ceptible to volume changes in aocordajiGe with the pressure changes 
between the atmosphere and within the pipe at B, and thence down 
the line to the point of exit at C. The presence of this variable 
element in the contents of the pipe greatly complicates the problem 
of pipe flow and renders analytical treatment exceedingly difficult, 
at least without some further experimental residts bearing on the 
phenomena of such mixed flow. 
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In the abeenoe of any ready baaia for preciBe treatment, guidance 
may be usually obtained by neglecting the change in the volume of 
the air along the pipe between B and C, by assuming the mixed Qow 
to be given by the same formulie and coefficleute a« for water alone, 
and in order to cover the diveigence between such aeeumptJonB and a 
more exact hypothesis, by allowing a generous factor of safety. 

If then a is the c^regate area through the air valves and z the 
inflow velocity, we shall have 

o, „„(a=aH (24) 

S ' 
„, ia.=<ar^' (25) 

Where £d' is the sum of the squares of the diameters of the 
valves and D is the diameter of the line. 

The velocity s oe a function of the difference in pressure between 
the atmosphere and within the pipe at B, is given by Table XXVIII 
in which, however, the coeflScient of inflow or efficiency of the valve 
considered as an orifice, is taken at 0-60. We have thus at hand 
through equations (22), (23), Table XXVni and (25) all require- 
ments for a solution of the problem. 
A munericsl example will illnstrate the procedure. 
Given H^= 115(f). 
£r,= 286(f), 
£,= 800 (f ). 
i,=1000 (f). 
D= 4(f). 
Thickness of phtte at £=-26 (i). 

Then from equation (19) it appears that such a pipe would be in 
danger of collapse under a subpressuie of about 9 pounds per 
square inch. 

Let it be proposed to maintain the subpressure at 4 pounds per 
square inch as a safe margin. Then from Table XXVIII, with an' 
iniSow coefficient of -60 and at sea-level, the velocity of inflow under 
this head=569 (fs). 

Suppose that a rupture of the pipe at C or other emergency 
condition gives a discharge opening equivalent to half the area of 
the pipe and that the discharge coefficient / for the opening may be 
taken at 0-80. Asstime also the Ch^y coefficient (7=110. 
Then in (20) we shall have 

ff=400 
ii+i,=1800 
/=-80 
TO=-60 
0=110 
r=l 
Sabetituting and reducing we flnd 
t7te42-02. 
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TABLE XXVm 








Depression {pounds per eqvare 


inch) 
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4 
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8 





392 


569 


718 


856 


lOOO 


399 


582 


736 


878 


2000 


407 


694 


762 


900 


3000 


416 


607 


770 


922 


4000 


424 


620 


788. 


946 


fiOOO 


433 


634 


806 


070 


6000 


442 


648 


825 


995 


7000 


461 


662 


846 


1023 


8000 


460 


677 


865 


1060 


9000 


470 


692 


887 


1079 



10000 480 708 909 1107 

Vfllodty of inflow of air through ajr valve (fs). 
Coefficient of dischu^ / is aBaumed=-60, 
and from (21 ) for the resultant pressure head we find 
^= -29-2/= - 12-66 (pi2). 

H then we put 2=— 4 (pi2) or g/w= -9-23 (f ) we shall find from (22) 
«!= 39-00 
and from (23) i!,=43-21. 
Hence »,— Oi=4-21. 
Then fromTaUo XXVIII a =569. 

4-91 V 2W4 
Hence wc have from (25) £d*= ^^=^^=17-05. 

This would indicate a single valve about 4-5 inches diameter or 
two 3-inch valves. 

If this asBumed condition were the moat serious to be anticipated, 
then the provision of air values ae indicated should be adequate. 
On the other hand, it is always possible that the entire lower end of 
the pipe might rupture out in such a way as to give an outlet opening 
equivalent to the entire c.b. area of the pipe. In this case we have 
m^l, and asfluming/=l we should find in the above case i>=49-34 
and with this velocity, for the pressure head at B, 

P=_83-8 (f). 

If, again, the presgure is to be maintained at —4 (pi2) and the 
presBure head at —9-23 (f ) we shall have for % the same condition 
and value as before, viz. ^2=39-00, while from (23) we shall find 
i>i,=65-23. 

Hence r,— jji=16-23 

„d a..!5i|^=95.72. 
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This would indicate, say, two 6-inch or three 5-iiich valves. 

Suppose, again, we aasume a condition as in Fig. 129 where AB is 
a long line, BCD a so-called " inverted siphon " and DE a relatively 
short section. 

Suppose complete rupture at as the most serious possible case. 
The condition of reduced pressure will develop quickly at B, but the 
velocity ti^ through L^ wUl be slow in developing due to the long 
length and time lag. We may then take as an extreme case an 
assumed velocity in L^ of Vq, the original steady motion value, a^d 
for w, in BC tlM value resulting from equation (23) assuming the 
pressure at B maintained at the desired limit value q below the 




Fid. 120.-~-Dbsio>i' or Ais Rkuep Valtxs. 



atmosphere. We shall then have the basis for a determination of 
tij— «! and for Zd^, the aggregate square of the diameters for the 
air valves at B. 
Thus for numerical values let us take 

Lj=2I600 

i,=800 

ia=600 

1.4=1000 

ff 1=100 
ifj=200 
if 8= 160 
^4=300 
/at E=QO 
mat £=-0771 
g/uiatfi=— 9-23 
C(Cli^zycoef.)=110 
D=2 (t). 
Then the overaU length=24000 (f) and the over^ head=440 (f ) 
and from (20) we shall find for the steady motion velocity before 
rupture, v^—8 (fa). 

Then, after rupture at C, we apply equation (23) to the conditions 
in £, putting w,=tto=8 »id/and f»=l. We thus Gnd : 
(,,=36-02. 
Then v,— i>i=28-02 

2802x576 



and ilP=- 



=28-36, 
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This indicates at £ a fdn^ valve about 6-5 in diameter or two 
4-inch valves. 

Again, at D we shall have water flowing in both directions — 
down DB to the discharge end and down DC to the point of 
upture. In such ca«e we shall have in equation (26) the numericctl 
sum of the two velocities instead of their difference. Suppose 
again the value of 9 at i> to be maintained at— 4 (pi2). 

Then adaptii^ equati<»i (23) to the cooditionB in L^ and the 
discharge at C, assuming / and m=l we ahall have in the formnlse, 
160 for Ht, 600 for £„ zero for v^ and —9-23 for q}v>. Whenoe we 
find Wa=36-24. 

Again adapting the same equation (23) to the conditions in £4 
and the discharge at if we shall have in the formula, 300 for i?,, 
1000 for £j, zero for r„ -9-23 for qjic, -9 for/and -0771 for m. We 
then find W4-9-73. 

The incoming air must supply the volume corresponding to both 
of these velocitiw. 

Henoe we have t'(-{-«4=46*97 

This imphee one 7-inoh valve or two 6-iuch valves. 



76. Pressure Relief Valves and Breaking Plates 

r^~These items of pipe-line equijonent are intended to operate as 
saieguards against the development of an undue excess pressure as 
a result of Buddan vaJve movement under the vuious conditions 
discussed in Chapter III. Pressure-relief valves fall under two 
general classes according as they are intended to operate auto- 
matically, consequent upon a slight or limit rise in pressure, or as 
they are attached to some part of the control mechanism of a power 
unit thus deriving their movement from the movement of the latter. 
Valves of the latter type fall rather under the category of hydraulic 
power plant equipment and therefore lie beyond the scope of the 
present work. 

Valves of the former type may be considered as Bm item of pipe- 
line equipment and as such merit brief notice. 

While there are many types and structural forms of anoh valves, 
their operation depends on eubetantialiy the same basic principles. 
Fig. 130 shows in diagrammatic form the characteiistics of one of 
the best of such automatic valves. 

The valve itself is seated under a slight excess of pressure due to a 
difference in area between the valve and the balance piston. The 
main pipe line is connected through a small pipe to the space under 
the operating piston as shown, la this connection, and not shown 
in the drawing, is a valve under the control of a small pilot valve 
held normally closed under a balance of pressure between the main 
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pipe line and the expansion tank. On the arrival of a presaure wave 
along the pipe line this balance is disturbed, the valve in the pipe 
connection is opened and the excess presaure builds ap under the 
operating piatoD, resulting in the opening of the main valve tuid the 
rehef of the pressure. 

On the return toward normal pressure the pressure in the 
expansion tank will determine the return of the pilot valvC) the 
closure of the connection through the small pipe and the resultant 
closure of the main valve due to the over balance of area. Any 
desired degree of retardation in the movement of the main valve is 
secured through the adjustable by-pa«s connecting the two ends of 
the operating cylinder. 

All such valves depend for their operation on an initial rise in 
pressure, and the assumption of effective operation depends on the 
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possibility of an adequate response to the initial pressure rise within 
the time permitted by the character of the pressure-time history. 
References to Chapter III wiU show the conditions under which the 
pressure rise may be expected to be abrupt in time or gradual. If 
the initial rise in pressure is snfBciently slow the operating parts of 
the valve may have abundant time in which to perform, each its 
function, and thus the effective operation of the whole may be 
secured. If, on the other hand, the case is one of very abrupt 
pressure rise, as in the case of the closure of a pipe line running with 
valve opening nearly or quite the full size of pipe and hence nearly 
on " gravity flow " (see Chapter HI, Fig. 48), the rise of pressure 
jnst at the instant of vajve closure is exceedingly rapid, constituting 
in effect a hammer blow, and no valve could be expected to operate 
in such time as to safeguard the line from such blow. 

• Under Patenta of the Pelttoi Water Wheel Co. 
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Too macli dependeaoe shonld not therefore be placed on sach 
automatic valves, and in particular theii time characteristics of 
operation should be closely studied in connection with the probable 
time histories of the pressure shocks which are to be aaticipated, and 
assurance should be obtained that within the probable period of 
pressure rise to the desired limit value there will be time for the 
eSeotive operation of the valve in relief of pressures beyond such 
limit. 

Bieaking Plates. — ^Aa a further safeguard in connectdm with the 
rapid rise of pressure due to water ram, the use of the breaking {date 
shonld not be overlooked. This is a plate of appropriate area, 
bolted on at the lower or delivery end of the line, somewhat as a 
manhole cover-plate, but designed and intended to rupture under 
an excess pressure well below that which the pipe itself may be 
expected safely to bear. The area of the opening covered by such 
plate may be preferably some two or three times the nozzle or 
normal discharge area, thus insuring an immediate relief of pressure 
consequent on the rupture of the plate. 

A first approximation to the design of such a plate may be made 
through equation (26) of Chapter IV, using for p the over pressure 
under which it is desired that the plate should break, and for the 
denominator, values some four times those given for safe operation. 
It is, however, always desirable to have such design checked up by 
aotnal tost under the limit pressore desired, and in order to eliminate 
the uncertainties of all empirical formulee and the unknown influ- 
ence due to slight variation in the physical properties of the 
materials employed. 

76. Manholes and Covers 

In order to permit of access to the interior of large pipe lines for 
examination, padnting, re-caulking, etc., manholes with cover plates 
are provided at occasional pointa in the line, The metal around 
euch a hole is reinforced by a suitable doubling plate with inner 
steel casting for cover-plate joint. The cover is fitted up and 
secured in place making joint against the inner surface of the 
reinforce casting, entirely in accordance with the practice familiar in 
steam boilers and which need not be here described in detail. 

77. Expansion JotNTS 

The purpose of expansion joints has already been discussed in 
Sees. 69, 70. In the best practice a given section of the line which is 
to be treated as a unit in the matter of expansion and contraction is 
stabilized at its lower or dehvery end by a suitable anchor block and 
provided at its upper end with an expansion joint. The pipe then 
creeps up and down the slope or back and forth along the line from 
the anchor block to the joint. 
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The characteristic or easential elements of an expanmon joint are 
indicated in Figs. 96, 97. The mode of operation and general 
character of construction aside from full structural details will be 
evident from the figures. As noted in Sec. 50, such joints are some- 
times provided with guard bolts to prevent complete separation of 
the two parts of the joint in case of an extreme temperature drop. 

In all oases the special hydraulic forces which develop as a residt 
of the introduction of an expansion j oint most be caiefnlly examined 
and care taken to provide the necessary support or constraint to the 
two parts of the joint in order to prevent separation under the 
operation of such forces. 



78. TEST Flanges and Test Bulkheads 

hi connection with a program of tost on large pipe lines it may 
become necessary to close temporarily an open end of the line. For 
this purpose a special so-called " test flange " is employed. This 
conaiste in eflect of a cover plate, usually of cast steel, suitably 
ribbed or reinforced to safely bear the anticipated load, and 
[SOTided with flange at the rim for connection to the corresponding 
flange on the open end of the pipe. If there is no such flange 
connection on the pipe it may become necessary to provide a 
corresponding " companion flai^ " uid rivet it to the open end in 
order to realize the dosure. 

The general manner of dealing with the problem of stmctural 
design in the case of such a test flange has been outlined in Sec. 63. 

It may also become necessary, in connection with the same 
program of test, to segregate out a special puii or section of the 
line for individual teat. To this end one or possibly two test bulk- 
heads may be employed. A test bulkhead is some form of structure 
built up in such fashion as to permit of location wittiin the pipe at 
the desired point and provided with means for deriving from the 
shell of the pipe the necessary support under the ^iticipated load. 
In the case of light pressures such a structure may be built up of 
timber and made tight by oakum calking or other like means. If 
the line is made up of in and out sections, support for the bulkhead 
may usually be derived from the end of the pipe section of smaller 
diameter. If of wood, the bulkhead at the rim would, in such case, 
need a metal plate reinfotce in order to safely carry the load against 
the end of the inner pipe without crushing. If the pressures are 
heavier, some form of steel bulkhead will be preferable, fltted with 
an adjustable packing ting for making the joint against the shell 
and with hinged feet which may swing out and bear against the end 
of the smaller pipe or against a group of rivet heads, thos Cfurying 
the load. With the test concluded these feet may then be swung in, 
the joint unpacked and the bulkhead removed or shifted along to 
the next location as desired. 
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In oases irtieie the |ape ia of uniform diameter on the indde, 
thus offering no convenient end for the support of the lotul, but 
where the pi:«s8ures are not too extreme, the bulkhead may be 
supported against cross timbers secured by wedging friction against 
the aides of the shell. The principle involved in this mode of 
support is illustrated in Fig. 131. AB is a heavy timber carried at 
A oa & plate of steel as a local reinforce to the shell of the ^pe. 
At B it reeta on a plank cut slightly wedging. Under these con- 
ditions preesuie against A would promptly dislodge the timber, 
while, on the other hand, pressure at B would develop the wedging 
action giving an end thrust at A SioA corresponding reaction at B, 
with consequent friction grip on the shell of the pipe. The end B 
of such a timber is therefore a point capable of carrying a heavy 
thrust in the direotdon of the arrow. Four or six such timbers 



Fio, 131.— TasTtMO Bui^ehkad. 

spaced around the circle of the pipe will then give a series of points 
such as B, and from which, by suitable blocking or thrust timbers, 
the support may be caxtled back to the bulkhead itself. 

79. Pipe-Line Valves 

The general subject of pipe-line valves is too extended to permit 
of adequate discussion in the present work. It is indeed a subject to 
which an entire volume might well be devoted. Ko attempt will be 
made therefore to discuss the subject here, eitber from the descrip- 
tive or the design standpoints. 

Space may be permitted, however, for a few words relating to the 
impOTtance of valve design and to the main problems which present 
themselves in this coimection. 

The importance of a design which shall insure safe and reliable 
operation over a long period of time cannot be well exaggerated. 
^Hiere has, in many cases, been a tendency to design valves for large 
pipe-line work. — valves up to 4 or 5 feet in diameter — simply as an 
overgrowth of ordinary small pipe valves and without adequate 
recognition of the severe conditions of service under which such 
large hydraulic valves are intended to operate. 

A large valve of this character must meet adequately the follow- 
ing major requirements. 
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1. The body or caaing vith its supporting ribe must be of sufB- 
cient tbicknese tuid cbaracter of dedgo to ioBure, under the highest 
ovei-preseureB to be anticipated, not only safety against rapture 
but fjso against any sensible deformatdon of any of the parts, such 
as might determiae either leakage or binding and jamming of 
moving parts. 

2. Strength of moving parte and of operating gear adequate to 
close the valve under fuU flow of water. 

3. Bearing areas sufficient to insure operation of all sliding or 
rubbing surfaces over long periods of time and under the highest 
pressures anticipated, without danger of seizure or abrasion. The 
proper selection and use of metals for the two parts of a mutuaUy 
sliding pur (aa a valve gate and its seat) will aid in marked degree in 
the rei^zation of this requirement. 

Pipe-line valves are made In three general tonns : 

1. Gate or slide valves. 

2. Butterfly vaJves. 

3. Bulb or nozzle valves. 

These forms wiU all be familiar to those in contact with hydraulic 
work, and with individual interpretation the above conditions may 
be applied to all of these forms or types of valve. 

In particular it may be recommended to accept des^ns predicated 
upon the actual conditions to be met and carried out by those 
familiar with such work rather than so-called stock designs developed 
to meet, as a stock article, a certain average range of operative 
conditions, but frequently lacking in features which may have 
special importance for the particular problem in huid. 



80. Pipe-Line Fittings, Ys, Bends, etc. 

In accordance with the express purpose of the present work, as 
noted at the head of this chapter, no attempt will be made to 
discuss, in a descriptive manner, the various forms of pipe-line 
flttings. Brief reference has been made in Chapter IV to certain of 
the problems of structural design which may arise in connection 
with such forms. The material commonly employed in all lai^ 
high-pressure work is cast steel, reinforced and ribbed as the 
characteristics of the case may require. 

In the case of aU such large fittings, as in the case of valves, and 
especially under high presBures, use may be recommended of 
special designs developed by those familiar with such work rather 
than of any form of so-called stock or standard design developed 
without special reference to the peculiar conditions of the case in 
hand. 
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CHAPTER VI 

OIL PIPE UNES 

81. Physical Properties of Oil Affecting Pipe 
Line Flow 

Dub to the greatly increaeed Ti^ne of the viaoodty of oils, as com- 
pared with that of wat«r, the problem of the flow of oil in pipe lines 
presetito certain spedal features which will be briefly considered in 
the present chapter. 

The general problem M the flow of visoous liquids in pipe-linee is 
inclnded within that of the general problem of pipe line flow as 
discussed in Appendix I. 

For many pumping problems it may be convenient to transform 
the expression for pressure gradient, as in Appendix I, (4), into 
pounds per square inch per mile of pipe line. As defined, the 
{ffessure gradient Q is in pounds per square foot per foot of line. 
We have therefore to divide by 144 and multiply by 5280. We may 
also reduce D to inches by introducing the factor 12, thus giving 
fin'^y mfo r' ... 

"~ D 2? **' 

Where (?„=gradient in (pi2} per mile of line. 
/=coefficient as in Appendix I. 
(T— density (pf3). 
Z>=diameter {i). 
v=velocityin (fs). 
For any given case it becomes, therefore, necessary to determine 
for the conations of operation, the values of p. and tj, the viscosity 
and density, and thence to proceed as indicated. 

The density of oils is usuaUy indicated by the so-called gravity on 
the Baum6 scale, taken at some standard temperature, usually 
60" F. 

In order, therefore, to determine the value of the argument 
Dvalfi, the following information is required : 

(1) The diameter jD. 

(2) The velocity of flow v. 

(3) The relation between gravity in Baum6 degrees and density o. 

(4) The relation between density at standard temperature of 60° 
and density at any specified working temperature. 
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(5) The value of tlie visoodty fi at the specified temperature, or 
if this is not known directly, snch relations between viscosity, 
gravity ^id temperature as will make possible some estimate of the 
viscosity. 

With this information at hand both (i and of may be determined 
or estimated and thence the value of the abBcissee Dvoffj,. Thence 
with due regard for the rongbness of the pipe, we may assume a 
vaJue of / and thence from (1 ) determine either the friction head or 
the pressure gradient per mile. 

Relation (3) is jnrovided by the formula 
_8736_ 

"-m+B *2' 

where £=gravity on Baum^ scale 
and 0— density in pounds per cubic foot. 
Relation (4) is provided by the formula 

"-"■-'-^Ife^'C-^T ('> 

where j/i=den8ity in pounds per cuWc foot at 60° F. 
and y=density at temperature (. 

This is aa emprical relation which has been found to agree 
closely with observations on American petroleum oils. 

Relation (6) cannot be definitely developed simply because 
observation shows that the viscosity of oils is not determined by 
gravity and temperature alone. Viscosity apparently depends on 
the number and proportion of the various complex constituents of 
which the oil is composed, and on their physical states, as well as 
on the overall resultant gravity and temperature. 

Broadly it is found that viscosity increases with increasing 
density or decreasing gravity Baum6, and with decreasing tempera- 
ture. The relation of viscosity to gravity is, however, irregular in 
special cases and subject to occasional exception. 

With regard to the variation with temperature it is usually found, 
starting with a high temperature, that the increase of viscosity is at 
first slow, the rate of increase rising rapidly as the temperature 
drops. 

B?R^>fe8so^ W. R. Ikikart of Stanford University has pointed out 
that the relation between viscosity and temperature t when plotted 
on double logarithmic sc^es shows a close approximation to a 
straight line, at least over the working range of temperatures for 
which the liquid may be said to retun its identity. At high 
temperature, the more volatile constituents will begin to vaporize, 
and at very low temperatures certain constituents may begin to 
solidify and separate'out, thus in either case changing the character 
of the liquid itself. Between these limits of temperature, however. 
Professor Eckart has shown' byja large number of cases that within 
the limits of observational error the Btrad|^t-line relation may, for 
all [saotioal purposes, be assumed to hold. 
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It thus tesiilts that if the veins of fi for a given oU is known for 
two temperatures, the logtvithinic plot maj he drawn as a atraight 
line between these point« and extended over the working range of 
temperatures, thus giving a direct and practical form of relation 
between viscosity utd temperature, and Bpe<dfica11y, the value of [j. 
for any specified temperature within the working range. 

Likewise in the relation between density and viscosity at a fixed 
temperature, there is evidence of a. slow rate of increase of viscosity 
with density at low valaes of the density, followed by increaalng rate 
with increasing values of the density. 

For numerical values we have the following : 

A. C. McLaughlin* gives diagrams showing the relation between 
temperature F. and absolute viscosity for a series of American oils 
from which the following values may be drawn : 

TABLE XXIX 
Ttmpemturet FiA. PrMonlyt 

60° . . . . -060 to -300. 
80" . . . .04010 -250. 

100° . . . . -020 to -leo. 

120° .... -016 to -080. 
140° .... -013 to 045. 
The densities of the oils to which these values refer re^gei from 
56-8 (pf3) to 60 (pf3). (Gravity Baum6 24° to 16° app.) 

From tests malde by Cooper on 60 samples of California petroleums 
R. P. McLaughlin^ gives values for the relation between viscosity 
and gravity from which the following tabular vi^ues axe derived : 



TABLE XXX 




paoub. n. 
UW°Fab. 


Vta!«itfltM«P.ll,t ViK«it7rtl86« 


62-6 


. -0040 . 


■00076 


53-3 


. 0060 . 


•00090 


63-9 


. 0070 . 


■00120 


54-6 


. 0103 . 


■00160 


S5-3 


. -0145 


■00206 


56 


. -0206 . 


■00260 


66-7 


. 0280 . 


•00920 


67-6 


. -0370 . 


•00380 


68-2 


. -0760 . 


■00440 


59 


•2640 . 


■00660 


69-8 


— 


■01120 


60-7 


— 


■024S0 


61-6 


— 


■14800 



• " Joomal Am. Soo. Mech. Eng., 1915," p. 263. 

t The units involv«d in theee values are the poundal, foot, Beoond. 

J " Journal, Am. Boo. Meoh. Bug., 1816," p. 264, 
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The very rapid increase of Tiscodty -with density will be noted 
for 60° beginning abont denBity=57 and for 185° beginning about 
density =60. 

From a number of tests made on California oUb Dyer* gives for 
oilfl of four different gravitiea values of the viscosity for varying 
temperatures from whioh the foUotdng tabular values are derived. 



TABLE XXXI 



GiavityBaumS 

Density, lbs. per 

oub.ft.al60" 


18°-2 
68-96 


18-^6 
59^69 


16' 
60^26 


12'^1 
61 ^48 


Ttmp. F.]h 
50 


•7360 


viKoitrt/' 






60 


— 


10630 


— 


— 


76 


•2460 


■4970 


1^6670 


— 


100 


•1220 


•2230 


■3440 


— 


no 


— 


— 


— 


1 ^6610 


125 


■0670 


■0990 


•1600 


■6140 


160 


■0366 


■0490 


•0760 


•2110 


176 


•0242 


■0246 


•0310 


•1020 


200 i 


•0216 


■0220 


•0220 


•0610 



The above oils are noted to have contained about 2% of 
water. 

The numerical measnie of viscosity is often met with in terms of 
accepted fbims of viscoslmeters such as the Engler, Saybolt or 
Bedwood, or t^ain it is not infrequently stated in terms of the 
metric units, centimeter, dyne, second, or again in teims of the 
more recently proposed unit the " centipoise." 

For the latter we have the following definition : 

One absolute metric unit (c.g.s.)=100 centipoises. 

Hence to convert viscosity in absolute units into centipoise units, 
multiply by 100. To convert viscosity in centipoises into absolute 
units, divide by 100. 

To convert absolute metric units into absolute English unite, or 
vice versa, we have the following relation : Viscosity (English units) 
= Viscosity (metric unitB)-M4-88 (poundal, foot, second) (dyne, 
centimeter, second). 

Begarding the various forms of viscosimetere, the following 

• "Journal, Am. Soo. Mooh. Eng., 1915," p. 259. 

t Tbs \miB involv«d in tb«e^ vtivee foe th? poundal, loot, eecond. 
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formal.'o vill serve for transforming the indicationB of these mstm- 
meots into absolate EngUsh units : 

^=-00000237(-;5^ (Saybolt)* ] 
^=-00000158(-:52^ (Engler) I (*) 



i?= 



■0000028(M- 



24,000 hbls. 
18° B. 



Where fj,=vwc(mty in absolate Enghsh units (pounda!, foot, 
second). 
<T=denBity in pounds per cubic foot. 
t=time on instrument (Saybolt, Engler, Bedwood) 
(seconds). 
In illuBtration of the use of the equations of the present section, 
suppose we have given as follows : 

Size of pipe . . .8 (i). 
Capacity per day 
Gravity of oil 
Average temperature 
Viscosity (assumed) 
We find first r =4-47 (fs). 

Then from (2) density at 60° F. =59-02 
and from (3) density at 100° F. =58- 10. 
We then find the value of Ov<7/^=1443. 

This implies stream line motion and (8) of Appendix 1 gives a 
value of / about -0444. 

Substituting this in (1) we find the pressure gradient 44-1 pounds 
per square inch per mile of length. 

Again, if we should take the oil of gravity 16° B. at 60° F. with a 
working temperature of about 110° F. wid a value of il—-1B we 
should find similarly a value of Dvaln=ll6Q, a value of /about -055 
and a .pressure gradient Q„=5&-2 pounds per squaje inch per mile 
of length. 

Again, suppose a 10-inch line with oil of gravity 20° B. at 60° F. 
and at eui average working temperature of 110°F. and with a 
velocity of 6 feet per second. We may take fi about -06. We then 
find as above for the density at 1 10° F., 0=57-06. 

This givoH a value of Dv(jlfi.=3Q6i, implying turbulent flow and 
for commercially smooth pipe a value of / about -04 (see Table, Ap- 
pendix I). If 10 per cent is added for a slightly roughened surface we 



• The numerical oonatftnts in the Saybolt equation lefer to the recently 
Btandardized form and proportione of the inetrument. The Jndicatione of 
earlier instrumenta will not quite agree among themselves or with any one 
Bet of values. The values for the Redwood instrument are somewhat less well 
established than for the other two. S^ y.S, Bureau of Standards Teehnologio 
Papers, Nob. 100, U2, 
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have /=-044 and gabetitntion in (1) gives a preeanre gradient of 
4295 ponnds per equaie inch per niile of length. 

Sapp(»e again that we have a record of f~1000 for the Saybolt 
viscosity of a given oil at 100° F, Then from (4) we have /i/ff= 
■002368 and (t/;a=422-3. Again, if (=4000 we shall have fi/(7= 
■00948 and (T/ji=105*5. If in the first case the oil is one showing a 
Baum6 gravity at 60" of 17-5 we shall have from (2) aat 60''=59-22 
and from (3) a at 100''=58-31 and henoe ^ at 100''-=58-31 x -002368 
=■1381. 

From an examination of the form of the curve ABCD, Appendix I, 
it is cleeu" that the conditions of operation should, if possible, be so 
choeen so as to avoid a value of the abscissa Dvajfi at or just 
beyond the critical value. In the case of oil pipe lines the value 
will often fall close about this point. Obviously if the conditions 
admit of control they should be so adjusted as to give a value on the 
stream line branch AB, and as near the critical velocity as practic- 
able without actually passing the limit. This will insure the lowest 
practicable value of the friction head coefficient /. Decrease in the 
abscissa value will mean a rapidly rising value of / on the branch 
ABy while a shi^t increase will mean rapid rise of the value to the 
branch CD. 

82. Oil Pipe Lines 

In the sense here employed the term oil pipe line is intended to 
refer to a line for the transportation of crude or fuel petroleum oil 
in bulk from the wells to oonvenient rail or water shipping points or 
to refinery locations. The principles involved in the disoussion of 
pipe-line resistance are of course entirely general. The descriptive 
matter and the suggestions for design, however, are intended to 
more directly apply to the case of laxge and long pipe lines as above 
noted. Such pipe lines are usually ^ sted pipe of diameters from 
6 to 12 inches. In the United States 8 inches is a common size. 
Such pipe is made of thickness suitable to stand a test pressure of 
1200 (pi2) and with a safe working pressure of SCO (pi2). The pumps 
for handling the oil at the pumping stations ore quite commonly 
made to meet the same pressure requirements, the number of such 
stations being detemiined by the capacity and size of the line, the 
length and the topographical characteristics. 

The influence oE viscosity on oil pipe line resistance has been 
noted in the preceding section, also the dependence of viscosity on 
temperature. To reduce the viscosity, especially with heavy oils, 
heaters are commonly employed, one at each station and often one 
intermediate between stations. 

The station heaters are conunonly formed of closed steel cylinders 
provided intemaJly with headers and tubes through which the oil 
usually makes two passes on its way from the receiving tank to the 
pumps. The exhaust steam from the pomps passes between the 
headers and tabes and raises the oil to an initial temp^ature 
TMiging usually from 125° to 150° F. 
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The heaters used between stations consist of a by-pass miuufold 
of 4-mch pipes lying at right uigles to the main line, often 200 or 
250 feet long, and with headers so arranged that the oil passes out 
and back a distance of 400 to 500 feet through the 4-inch pipes. 
These jnpee are carried in a brick chamber or fiue along which 
passes the hot gas from a furnace at one end, burning oil drawn 
from the line through a suitable reducing valve. With the preesuie 
suitably rednoed an atomizing burner of the usual type may be 
employed, giving with snitable air control a nearly smokeless com- 
bnstion, t^e gasses from which pass along the flue as &bove noted. 
By these means the temperature of the ml may be raised some 30 
to 50" F. at these midway points. 

The pumps commonly used are of two types : (1) direct-acting 
duplex plunger with tandem compound or triple-expansion 
steam cylinders, and (2) the cruik and flywheel, hunger fitted 
pumping engine with cross compound or triple -expansion steam 
cylinders fitted with Corliss valves. The design thioi;^out must be 
exceptionally strong and rugged and the proporliims snch that with 
a steam pressure of 136 (pi2) at the boilers an effective pumping 
pressure of 800 to 1000 (pi2) may be realized. The plungers axe 
usually from 6 to 9 inches diameter by about 36 inches stroke, those 
for direct acting pomps ranging luger than those for the flywheel 
type. Such pumps wiJl handle about 1000 bbla. of oil per hour, the 
flywheel type at a somewhat higher number of ettokes per minute. 

The economy of the flywheel type is naturally superior to that of 
the direct acting, but the latter are found necessary for starting the 
oil in a long line after a shut-down. The steady direct thrust which 
can be realized by the direct-aoting pump is found much better 
suited to overcome the resistance of a long line of cold oil in starting 
from a condition of rest, than the effort derived from a pump of the 
crank and flywheel type. In this connection it may be noted that a 
condition of rest is always avoided so far as possible, especic^y with 
cold weather or with heavy oil. In fact, the combination of the two 
may render starting up from a state of rest extremely difficult if not 
impossible. It is uterefore a principle of operation that once the 
column of oil is in motion it mnst be kept moving at all hazards, so 
far as it is humanly possible to realize such end. 

The construction of an oil pipe line offers but few points calling for 
special comment. The line is usually placed underground to a 
greater or less depth depending on the temperature conditions along 
the line. The joints are of the sorew-coUar type, usually with 
special design so far as length is concerned in order to insure a 
tight joint under the high pressures employed. 

Protective coverings or coatings are employed, consisting usually 
of Utulithic enamels or hot asphaltum followed with a wrapping of 
roofing paper, which is again coated with asphaltum. Heat- 
ineulating coveringe to reduce the loss of heat from the oil would 
be desirable, but oannot nsually be justified ectmomically. 
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The line is commonly tested by pumping water through under 
presBure from the station pumps, the line b^g carefully inspected 
in the meantime for leaks at the joints or flaws in the pipe. 

ExpanBion joints are used to Bome extent, though not as much as 
good design would seem to indicate. Without such means for 
accommodating the Tariations due to changing temperatures, the 
stresses developed must be absorbed in the Ijiie itself ; and, as 
noted in Sec. 69, this may cause serious streBses resulting in leaky 
joints and trouble. 

The serious e&ect of low temperatures and consequent increased 
viscosity on pipe-line resisttuice, especially with heavy oils, is 
shown by the chtmging capacity of pipe lines dependent on the 
operating conditions. Thus an 8-inch line in California is stated to 
have had its capacity of 25,000 barrels per day with medium oil in 
summer reduced to about 3600 per day with heavy oil in winter. 

The capacity of an 8-inch line is usually taken from 20,000 to 
30,000 bids, per day when working under conditions not excessively 
severe reganfing temperature or gravity. Similarly for a 6-incli line, 
which is usually worked at a pressure somewhat higher than the 
S-inch, the capacity is commonly taken from 12,000 to 18,000 bbls. 
per day. 

88. Design of General Characteristics of Line 

The factors which enter into the determination of the general 
characteristics of an oil pipe line are the following : 

(1) The diameter of the line. 

(2) The length of the line. 

(3) The physical {vopertles of the oil to be handled. 

(4) The capacity of the line. 

(5) The pressure to be realized by the pumps. 

(6) The topography tuid profile along the proposed location of 

the line. 

(7) The distribution of the pnmping stations. 

Very commonly the first six of these are known or assumed and 
it is required to find the last, the most suitable distribution of the 
pumping BtationB. 

We shall outline hriefiy the steps whereby this problem may be 
readily investigated. 

Conditions {1), (3), (4) will serve to determine the frictitmal 
resistance and hence the pressure gradient due to friction along the 
line from station to station. 

If the physical conditions of the oil remained uniform throughout 
the run from one station to the next, the gradient would he a 
oonstuit uid the hydraulic gra.de line would be straight and 
inclined at the constant gradient value. Due, however, to the 
falling temperature, the viaooeity fud with it the friction coefSoient 
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/, will show ocmBtantly ahuigiiig values, and henoe & gradient 
changiiig with progreaa along the line. The hydraulic grade tine is 
therefore no longer straight, but curved. 

If data ore at hand permitting an aasumption of the probable 
temperature distaooe history, that is of &e i»obahle average 
temperature for each mile of run, the corresponding gradients may 
be determined and thus for any given distance the resulting 
hydraulic grade line determined. 

In some cases the so-oalled logarithmic decrement law for 
relating temperatiue change to distance has been used. This is in 
the form /, nr. 



log 



(S^^"" 



.{5) 



Where fa=initial temperature of oil. 
t=temperatiire at distance x. 
(i=temperature at distance a:,. 
r=temperature of etuth or air surrounding pipe, 
se^aay distaince along line. 
Xi=a known length of run for which t, is known or 



Hence if we know, in any given case, the length of run x, the 
final temperature at this point tj, the initiat temperature I and the 
temperature T, we may readUy determine, on this hypothesis, a law 
for temperature change with distance, and determine the hydraulic 
grade line accordingly. 

So long as the conditions of flow are either contdnuously stream 
line or continuously turbulent (see diagram Appendix I), falling 
temperature and increasing viscosity will result in a continuously 
increasing value of / and a continuously steeper and steeper 
gradient. If the conditions should change during the run from 
turbulent to stream line flow (as may readily be the case) the values 
of / may show first sa increase, followed by a sudden decrease in 
passing from one condition to the other, and then followed by a 
continuous increase for further cooling under stream line conditions. 
The actual form of the grade line mU be, therefore, more or less 
compJeK, depending on the history of the conditions of flow along 
the line; 

The nee of such a grade line, once determined, will be best 
illustrated by an exampue. Assume, therefore, data as follows : 

1. Diameter of line : 8 (i). 

2. Length of line : 144 miles. 

3. Density of oil : BaumS gravity 18. 

4. Capacity of line : 27,000 bbls. per day. 
6. Pressure of pumps : 800 (jh2). 
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In F!g. 132 let XX be & base line on which am laid off linear 
distancea along the pipe line. Then at suitable intervals, and from 
the topographic data, altitudee above an arbitrary datum are 
erected. In this case we take station as the datum Mid thus 
derive, as shown by the curve, a distance — altitude history 0AM). 
. . . Note should be taken that this is not a profile in the mote 
usnal sense of the term. It is not a history of altitude on horizontal 
distance, but a history of altitude on linear distance along the line. 

We next find v=6-03, and then based on the best estimatee which 
can ba made reguding the temperature history with distance and 
regarding the variation of viscosity with twnpetatore, wo obtain by 
equation (1) values of the pressure gradient for successive miles (^ 
run. Suppose for illustration the first three of such gradients to be 
49-5, 50-0, 60-7 pounds per square inch. Then the total head used 




Fio. 132. — On. Pits Lm Dbbion — Grapeicai. Comstbcotioh. 



win be 49'6 for one nule, 99-6 for two miles and 160-2 for three miles. 
In this manneor we may prepare a continuous history of total preesnie 
drop on distance. It will next be convenient to transform these 
pressure values into head of oil in feet. To this end we may use an 
average value of the density since the variation of density with 
temperature is relatively small. With such values we then plot (to 
the same scale as in Fig. 132) the hydraulic grade line on stiff paper 
and cut out as a template. Let PQR denote such a template 
covering a total pressure drop PQ of 1000 pounds, or about 2500 feet 
for the cafle in hand, and a total distance PB of 16 miles. The total 
head furnished by the pump is 800 (pi2), or about 2000 feet head 
of oil. We then place the template with head scale vertical and with 
the 2000 foot point on the head scale (counting downward from Q) at 
the home station 0. The grade line QR intersects the distance- 
altitude line in A and at a £stance from measured by Ofj. At 
this point and for this distance it is oleu that the hei^t through 
which the oil has been lifted is measured by E^A , wlule the head 
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used in pumping the given distuice is AZi. The Bom of these make 
up KiL the totaJ head available from the pump. The point Ki thus 
determined givea therefore the location of the next station beyond 
0. We next transfer the template to ^ as starting-point and repeat 
the operation, thus determining the succeaaive points B, C, D, etc., 
and thence, the locations of the stations K^, £",, ^j, etc.* 

When we pass the crest of the hill and descend as from D or K^ od , 
we shall have a total head available made up of the head due to the 
pump plus the head due to the oil, and the bead used in friction will 
then equal the sum of these two. The same [ovcedare, however, will 
determine properly the location of the station as indicated for the 
run from Dto E. 

In this manner we continue throughout the length of the line, 
finding in this case the last station at i, or not quite at the end of the 
line. This implies, of course, a sUgbt readjustment of values, either 
a ahghtly higher pumping pressure or a dightly lower velocity or a 
higher genertd temperature for the oil. Some readjustment may 
also be required in order to avoid undesirable locations topographi- 
cally for the pumping stations. Sooh readjustments may involve 
extra heater provision, or the use of a la^er |Hpe, or of a double line 
for a certain distance. These various problems of secondary adjust- 
ment do not, however, involve any new hydraulic prindples, but call 
rather for the exercise of sound engineering judgment in the light 
of all the factors bearing on the problem in hand. 

If the effect of changing temperature is neglected and an average 
temperature assumed, leading to a single value of the pressure 
gradient, the grade line will become straight and the t«mplate of 
^ig. 132 will become a right-angled triangle with the grade line as 
the hypothennse. The general program of use is naturally the same 
as for the template of Fig. 132. bx the case of oil of low density 
(high Baum^) no heating may be required, and the temperature 
will remain substantially uniform throughout the run. In such 
case the hydraulic gradient naturally becomes a straight line, with 
procedure as indicated above. 

There are many other points of detail which wiU arise in con- 
nection with stucOes of this character, and the present chapter is 
only to be considered as a brief sketch of the hydraulic principles 
involved and of the general mode (A. treatment through which they 
may be effectively applied to the problem. 

* In the diagram of Fig. 132 the scale is naturally very much reduced. 
In deolbg with on actual problem such scales ^ould be employed as will 
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GENERAL THEORY OF PIPE LINE FLOW 

The phenomena of pipe line flow will obviously depend on the following 
factors, or conditions defining the circumstances of the case : ' 

Diameter of pipe denoted by D 

Density of liquid „ a 

Velocity of flow „ ti 

ViaooBity of liquid „ [i 

Length of pipe „ L 

Character of pipe surface. 
From the Brst four of the above determining characteristics there 
will result ; 

Pressure gradient required to overcome 
resistance to flow, or otherwise, the 
loss of pressure per unit length due to 

resistance to flow, denoted by Q 

Frova O and L will result ; 

Total loss of pressure head in line, denoted by h 

The theory of dimensions applied to the problem of pipe line flow 
showB that there must subsist between these quantities a relation of 
the form* 



=¥»(^°) "' 



where f denotes some function of the quantity IDvv/ii). 

This equation takes cognisance of aU factors in the problem except 
the character of the pipe surface. We have, moreover, for character 
of surface or degree of ronghneBS, no definition nor unit of measure, 
and hence the influence due to this factor must remain to be allowed 
for within the numerical values of the function ^{Dva/fJ.). 

With O known we have then, for the total loss of pressure head in 
the line : 

»-f w 

In the above equation the viscosity fi is the so-called absolute 
viscosity defined by the equation R=[ivlz, where S is the force opposing 
the motion of a plane of unit area lying very near and moving with 

"Ttani. Am. Boc. Heob. 
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ft vdocity t> parallel to a large plane, the epace of the thicknesa s between 
the two planee being filled with the liqiud in question. 

II( then, in equation (1) the form of the function 9 oould be deter- 
mined, this equation woujd give a complete solution of the problem 
of pipe line flow, at least so f ar ae determined by the quantitieB refwe- 
sented therein, and hence for any one value of roughneas or condition 
of pipe surface. 

la order to assimilate this formuln to those more commonly employed 
in hydraulic problems we may take the Darcy formula (see Bee. 6). 

-fS 

equating the values in [2) and (3) we have 

""-r^ '" 

Combining this with {1) we find 

2, ^\ ^ I 

or /-2»»(^'') W 

In this equation the value of the abscissa [Dva/ft) is independent of 
the system of units employed — BngUsh or Metric — so long as the 
that is, a given quantity always in terms of 




Zog.Seate of Doa/ti 
Fia. 1S3. — Du.aaut or Vai.uxb or/ on 
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the same unit. We ahaJl ueume here, however, English unite tised 
throughout, feet, pounds and seconds. 

We have, therefore, in any specific case, to take the values of D, 
V, a and fx and find the value of {Doa/fi), If, then, we know or can 
eertimate the value of the function for this value of the argument 
{Dvajfj.) we may multiply by 2g and thua find the coefficient / in the 
familiar Daroy formula. If desired we may then readily find the 
Ch^izy coefficient C from the relation between / and C as developed 
in Sec. 6. 

Now experiments with smooth brass and steel pipe made with 
such divene substances as air, water and oil, agree in giving for the 
relation between / and [Dva/fj.) a curve of the gennal form shown in 
Fig. 133. 

The part of the curve from ^ to B corresponds to the Bo-called pure 
stream line or irrotational flow. In this mode of Sow there is no 
turbulence or eddy formation and the paths of the liquid particles are 
smooth, open, straight or gently curving stream lines. The part of 
the curve from C to D corresponds to turbulent or rotational flow. 
In this mode of flow the liquid is turbulent with eddy formation and the 
paths of the particles are curving, twisted and contorted, as may 
result from the accidents of the turbulent flow. 

Experience shows that the transition from one mode of flow to the 
other occurs abruptly at or near a so-called critical value of the abaciasa 
{Dva/[i). It appears furthermore that this critical value is commonly 
found between 2000 and 2600 as indicated in the diagram. Further, 
as shown by the form of the curve, the transition from stream line to 
turbulent flow is accompanied by a sudden increase in the value of 
the ordinate /, followed later by a gradual decrease with further in- 
creasing values of the abscissa. 

It appears further that for stream line flow the pressure gradient O 
varies directly with the velocity. Keference to equation (1) shows 
that this requires a form of relation 



0=-=- KX J— Jwhere K is a constant. 



That is, the form of the function f must be simply the reciprocal 
of the abscissa (Dva/fi). Hence &om (6) we must have for this case 

'-'^"(.iD- '•' 

If, then, we denote the abscissa IDvr/ti) by x, we shall have 

xf-2gK (7) 

This equation shows, therefore, that for pure stream line flow the 
curve AB is a hyperbola determined as in (ft). 

Again, experience shows for turbulent flow that the gradient Q 
varies nearly with the square of the speed. The index for ordinary 
values of the abscissa and Cor ordinary degrees of roughness of pipe is 
usually found slightly less than 2, often close about. 1-86. For very 
rough pipe, however, and as the abscissa increases, the index ap- 
proaches close to the value 2. It is instructive to note, so far as the 
value of the abscissa is concerned, that the approach to the index 2 
is nearer as X) is greater, as ti is greater, and a is greater and as /i is 
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At the limit, when we may anume Q to vary as (>■, we ahall have 
from (1) 



/Dva\ 



That is, the ourve CD will reach and maintain itself, as a straight 
line paraUel to the axis of X and giving an ordinate equal to / for this 
limiting condition. 

It th^fore appears that the curve OD must be considered as 
gradually approaching the horizontal as a limiting condition, at which 
point we shull have/-cconBtw:it and Qrw*. 

In Table XXXII are given values of / for various values of the 
abaoiasa {Doa/fi). Between abscissa values 200 to 2000 inclusive the 
values of / correspond to the branch AB representing stream line flow. 
These are derived from the hyperbola 

if) [Dva/it)=2gK=6i. (See (7)) (8) 

Intermediate values wre readily determined from the equation. 

From abscissa value 2500 upward the values correspond to the 
branch CD representing turbulent flow. 

These values of /, which are closely accurate for such widely diverse 
substances as air, water and oil, are derived trom experiments on brass 
or smooth steel pipe. 

Regarding the influence of roughness on these values, it appears 
that for stream line flow the character of the surface of the pipe seems 
to have but alight influence. On the other hand, it does have a direct 
and important bearing on the phenomena of' turbulent flow. It results 
that the values of /, or of ^[Dvaffi) within the stream line phase, are 
practically independent of roughneas, at least so far as stream line 
flow prevaila. There is, however, some evidence that the critical 
value for rough pipe occurs at smaller values of the absciasa {Dvalfi) 
than in the case of smooth pipe. On the other hand, for turbulent 
flow the values of / or of ^[Dvo/fi) vary in marked degree with rov^- 
ness. Beferring to Fig. 133 whit^, as noted, shows the results for 
diverse substances wiSi varying diaineters and velocities, but all 
with smooth pipe, it is found for rough pipe that the ourve beyond the 
critical velocity is of the aame general form as for smooth but, with 
increasing roughness, located higher and higher and with increasing 
approach to parallelism with the axis of abscissa. This approach of J 
to a constant value implies, as previously noted, a corresponding 
approach to a law of variation of (? or / with the square of the speed. 

For ordinary iron or steel pipe, plain or galvanized, and with varying 
degrees of roughness as met with in actual practice, the values of/ 
will range between those indicated in Table XXXII for smooth or 
new pipe, up to values 60 to 100 per cent greater for very rough and 
pitted pipe surfaces. The influence due to roughness must, therefore, 
be allowed for according to judgment and in accordance with the 
observed or assumed condition of the surface.* 

For v^ues of the abscissa close about the critical state, 2S00 to 2000 
or lower for rough pipe, the values of / will be very uncertain, due 
apparently to unsteady conditions of flow involving the irregular 
formation and disappearance of eddies and turbulence. 

* Compare also disonwion of vahUBOf /inSee. 7. 
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The entire field close about the critical value needs further examina- 
tion, especially as to the dependence of the critical value upon rough- 
ness of pipe and, possibly, density of liquid. 

It should be noted that.iii all usual cases of handling water, at least 
on an engineering scale, the conditions are such as to determine 
turbulent flow. This is readily verified by substituting usual numerical 
values in the abscissa {Dva/fi). On the other hand, with many liquids 
handled in industry (oils, syrups, etc.) the conditions ore frequently 
such as to determine stream line flow. 



TABLE XXXn 



bsciflsa 


/ 


Abscissa 


/ 


200 


■5200 


14,000 


■0292 


400 


■1600 


16,000 


■0280 


600 


■1067 


18,000 


■0271 


800 


■0800 


20,000 


■0264 


1,000 


■0640 


26,000 


•0249 


1,200 


■0633 


30,000 


•0238 


1,400 


■0457 


35,000 


•0228 


1.600 


•0400 


40,000 


■0219 


1,800 


•0366 


46,000 


■0213 


2,000 


•0320 


50,000 


•0208 


2,500 


-0442 


60,000 


■0200 


3,000 


■0426 


70,000 


■0196 


3,500 


■0412 


80,000 


•0190 


4,000 


■0400 


90,000 


■0185 


4,500 


■0390 


100,000 


■0180 


6.000 


•0382 


150,000 


■0168 


6,000 


■0364 


200,000 


■0168 


7,000 


■0350 


260,000 


■0160 


8,000 


■0340 


300,000 


■0144 


9,000 


■0330 


360,000 


■0140 


10,000 


■0320 


400,000 


■0137 


12,000 


■0304 


450,000 


■0134 



Values of Coefficient / on Abscissa (J!>iio-/fx) for smooth 
brass and steel pipe. 

It must not be assumed that the values of / in Table XXXII for 
turbulent flow are the least which may be obtained. It is simply a 
question of smoothness of surface. These values, as noted, refer to 
what may be termed " commercially smooth " pipe. It is possible 
that specially prepared or treated surfaces might show somewhat 
lower values ; and, in fact, there is some evidence tending to indicate 
somewhat lower values in the case of water in new cast-iron P^> 
asphaltum dipped. The tabular values are to be understood as applying 
to all cases of what may be termed " commercially smooth " surfaces, 
and thus form a general datum from which the efEect of roughness 
may be estimated. 

For the generfd problem of pipe line flow with any fluid whatever 
for which the density and viscosity are known or aro determinable, 
it IB therefore only necessary to find, for the oonditaoiiB of opwation. 
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the value of the argument Dva/fx, snd thenoe, goided hy judgment 
aooording to the factor of roughnees, to select a enitable value of the 
ooefiOoient/, and thence as in See. G. 

Id Table XXXIII are given valnee of ft the absolute viscosity for 
water at varying temperaturea between and 100 C. or 32 to 212 F., 
likewise v^uee of the density for the same temperature ranges. It 
should be especially noted that, with all other factors the same, the 
value of the abacisea {Dva/ii) will vary inversely with the ratio p/cr. 
For handling water under widely varying temperature conditions, 
therefore, the influence of the latter on the value of {Dvajy,) should 
be allowed for in sele<jting the most appropriate value of /. 



TABLE x xyr rr 

Abaobde Viaconiy and Density o/ Water 



■001204 


62-42 


001021 


02-42 


■000879 


62-41 


■000766 


62 38 


-000673 


62-33 


■000601 


«2 26 


■oooesa 


62 17 


■000486 


62 06 


■000441 


61-97 


000402 


61-85 


■000368 


61 70 


■000340 


61-64 


000315 


61-37 


000293 


61-20 


000273 


61 02 


'000265 


60-83 


■000240 


60-64 


■000225 


60-44 


•000213 


60^22 


■oooaoi 


6000 


■000191 


69-76 
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EXPRESSION FOR F CHAPTER HI IN TERMS OF r, AMD e 

Ihbtxad of e^^ireeaing 7 in a form directly dependent on the quantities 
m and /, it will eometimes be more convenient to have its value in a 
form d^wndent rather on some steady motion velocity v« together with 
the ratio of the actual opening m to the opening m« for such stoady 
motion. 

Put the ratio m/m, -e. Then we may aeeume values of e, such as 
I'O, -9, '8, '7i ■0,etc.,witboutknowingorasBuintngtnortntindividuaIly. 

From p. 114 we have 

'•-S"»i (» 

«-s/+^ '^' 

Using the above value of tn in terms of m,, and e we have 

^-"'■[2siv+ew] w 

But from Chapter I equation {46) we readily derive for the present 
ease 

1 TJ T. 

(*) 



%gfm,* t>,' Cr 
Substituting this in {3) we find 

■iS) 



--[.-^-(^O^J- 



and putting this in { 1 ) we have finally. 



^[^.-.-•)#v] 



,.(6) 



We t^ijf then assume that there is some m, which gives tig. Then, 
whatever it is, we assume that m has a value meaeured by some fraction 
of this as '8, -6, '4, etc. These fractional ratios then represent values 
of e in the equations above and from (6) with v, and e the value of .F is 
readily found. 
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PropomHon : In any hydraulic ayetem or element containing water 
in motion, and where the dimenBionB ore suoh that we may ne^ect 
the weight of the water aa suoh, the force reaction of the water on 
the Bystem will be given by the vector sum of the following aystems 
of forces : 

(a) The total pressures over the ideal sections bounding the system 
or element, reckoned from without inward and combined as vectors. 

[b] The Bum of the momenta per second at inflow and outflow, the 
former taken direct and the latter reversed and aU combined as vectors. 

This proposition may be established aa follows : 

Consider the hydraulic syatem of Fig. 91 comprising a pipe AD 
with water flowing through, entering at the section AB and discharging 
at CD. Liet pi, Vi, •!„ Pi, ti„ A, be respectively the pressure, velocity 
and area at theae aectiona. 

There enters the system in unit of time the volume A^Vi with velocity 
t)i, and hence the momentum wA,Vi'lg directed along the line of 6ow 
at AB. There loaves the aystem in the same unit of time the momentum 
viAjVj^/g directed along the line of flow at CD. There is produced, 
therefore, per unit of time, a certain change in momentum. That is, 
under steady Sow, there ia produced in connection with this ayetem 
a steady rate of change of momentum. 

But a change of momentum is evidence of the operation of a force, 
and the rate of change is the measure of such force. Hence there must 
be in operation on the water, forces or systems of forces of which the 
resultant will be measured by the rate of change of momentum pro- 
duced. 

We now ask what forces or syatems of forces can act on the water 
contained within the enclosure ABCD. First, considering that the 
element is aubatEuitially in one plane or that its dimensions are euch 
that we may neglect the influence due to the weight of the water 
itself, we may classify the remaining forcea aa toUowa : 

1. The end forces ptAi and ptAt acting from without inward and 
normal to the idea] aectiona Ax and A^. 

2. The direct force reaction between the inner eurfacea of the in- 
cloaure and the contained water and estimated from the inclosure to 
the water. 

Adding now the rate of change of momentum as the third force 
aystem involved, we have 

3. The rate of change of momentum produced between AB and CD. 
Then as we have aeen, ajratem (3) will be a measure of the resultant 

of (1) and (2). We may e^qwesa this by the vector equation : 

where Si, 8, and S, denote the three systems of foroea. 
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Theo hy transpOBition we have ; 

Si-S, St. 

Noir with th« eyvbeta S„ let the entermg momentum be denoted 
by Ma and the ioeuing momentum by M/,. Tben in a vector eeiue : 

taid-3,--lMt-Ma)''Ma+{-M^). 

This ahowB — S, as measured by the vector sum of the momenta 
per second at inflow and outflow, the former [Ma] taken direct and the 
latter {Mi,) reversed. 

Furthermore —S^ means^ S, reversed ; that is, the force reaction 
from the water to the inclosure. 

But this is exactly what is wanted, and the above analysis therefore 
shows that this is measured by the vector sum of iSi and ( — ) 5,, and 
these are made up aa in the statement of the propoeition. 

The proof is readily extended to include the case with any number 
of pointA of inflow and any number of outflow. 

If the dimensions are such that the weight of the water cannot be 
n^ected, we must then add this as a fourth system acting vertically 
downward through the centre of volume of the element. Denoting 
this by S^ we shall then have as the vector equation for this cose : 

TioB equation e^vesses ( — ) ■S'l (the force reaction deHired) as the 
vector sum of three vector systems specified and defined as above. 
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ECONOMIC DESIGN 

Iv the cue of eH corrien of energy in ite various fomu, whether pipe 
lines for wster, steam or air, or metal lines for electricity, the some 
fundamental problem of economic design presente itself. 

Broadly speaking the annual cost chargeable against such a line 
arises under tyro heads. 

1. Fixed charges proportional generally to invratment or to first 

2. Operating coets, reeulting from the annual operating i»^gram. 
Let X and F denote respectively these two classes of cost and u 

the total. Hion u=X + T (1) 

Now in general it will result that a change in the size of the carrier 
(pipe or wire) will affect X and T in opposite directions. Thus an 
increase in the size will increase the cost and hence Uie fixed charges 
while it will decrease, in general, the secondary losses (friction or 
electric^ resistance) and thus decrease the operating costs for the 
same energy carried. 

Similarly a decrease in the size of the carrier will produce changes 
in the opposite direction. It thus results that there nmy well be some 
value of the size of the carrier for which the total cost X+T will be a 
minimum. To inveatigate such a possibility we proceed in the ubueJ 
manner. Thus let x denote in general dutmeter or size. Then we 

^™ *l-^+^ (2) 

die dx^dx ^ ' 

, d-u d'X , dY ... 

also j-,= -j-T+j-i (2) 

dx* ax* dx* 

For a maximum or minimum dyldx—0 and hence 

S-S '" 

Likewise for a minimuTn, d*u/dx* is positive in sign. 

These general conditions are indicated geometrically in Fig. 134, 
where XX and TY denote the general charaoter of the curves for X 
and Y plotted on x or size. 

Then the condition of equation (4) may be put into words as follows : 

A maximum or minimum vedue of u wiU be found for the value of 
X, for which the slopes X and F are numerically the same, but opposite 
in direction. This will be at some point A in the curves of the diagran). 

Again, to determine under what conditions this point will correspond 
to a oiin i mmn we have only to inquire as to the sign of 4*u Idx*. 
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lie sign of d'X/da^ or d'T/dt^ is detennindd by the direction of 
rotation of the tangent for increaaing x. This will b« + for counter 
clockwise rotation &ad — in the inverse case. In the corves of Fig. 
134, convex to the axis of k, it is seen tiiat in both cases as x inoreases 
the tangent to the curve will rotate counter clockwise. Hence both 
d'X/dx* and d^Y/dx* are + and the sunt will be +, and hence d*uldas' 
will be plus and the point determined as the sum of AF+AQ will 
be a minimnm. If either of these lines is straight, the second derivative 
is zero, but that of the other will be + and hence the sum will be plus 




Fio. 134. — EcoKoHo VaIiDX, GaiPHioAi. Ditbbmimatioif. 



and the point determined by (4) will give a minimum value. IThe 
reader will readily extend this analysis to forms which are concave 
to the axis of x and nUch will correepondingly det^mine a mATJmnm 
for the sum of X and T. 

la all usual cases, however, in which pipes or wires are used as 
carriers of energy, one or both of the curves will be convex to the axis 
of X and hence the condition of [4) will determine a rni r >'" n 'm. 

As to the actual determination of the point A, various methods we 
open. B the two curves are plotted individually, an easy trial and error 
test will serve to Snd the points P and Q on ^e same ordinate where 
the slope is the same but in opposite directions. 

Again, the sum of X and F may be plotted, as indicated in the curve 
nU, and the minimum point determined by inspection. 

Again, from (4) we have 



Hence if Y and X are taken as the axes, or otherwise if we plot 
X on Y, the values of X and Y which will produce the minimum value 
of u will be where the slope of the resulting curve is 136°, or where it is 
45* with the horisontal. See construction in dotted tines. 



ty Google 



ty Google 



INDEX 



Ant relief valvea, 234 

AUievi's formula for exceaa preBsnre 

due to water-r&m, 161 
Angles and bends, Iom of head due to. 



Bbliuisis, loMi of head due to con- 
traction, 20 

Bendaandanglea,los8ofheaddua to, 
23 

Breaking plates, 240 

Brightmore, loss in elbows and 
beads, 26 

Bulkheads, 243 

Buried and unburied pipe, relative 
advantages of, 231 



CUiKiNO of riveted seams , 202 
Capacity, general formula for, 38 

round pipe numing partly fnU, 



coefficient values from ship re- 

iistance experiments, 16 
formula, 4 
Church's solutions surge chamber 

problem, 69 
Commercial pipe, IQl 
Concrete (remforced)pipe, 211 
Construction, 190 
Contraction, abrupt, loss of head due 

to, IS 
Cross section of pipe, distribution of 
velocity over, 32 
mean velocity over, 33 



Daboy'b formula, 7 

Davis, loss in elbows and bends, 27 

Density of oil, 247 

Design, 211 

of oil pipe lines, 263 



Economic design, general principles, 
266 

diameter of line, 212 
Elbows, loss of bead due to, 23 
Electrio welding in lieu of calking, 203 
Energy of flowing stream, 1 
Bngier viscoaimeter, 260 
Entrance, loss of head at, IS 
Erection of steel pipe lines, 227 
Expansion, abrupt, loss of head due 
to, 19 

and contraotioQ in pipe lines duo 
to temperature changes, 225 

joints, 242 
Ebcponential formula, 6 



Fifth powers of numbers, 17 
Fittings, pipe line, 24fi 
Flowing stream, energy of, 1 
Free siufaoe flow, 44 



Hb&d, friction, 2-30 

friction in pipe made up of 
' of different diameters. 



total,! 
Hydraolio conditions ii 
lines, 201 
gradient, 36 



JctEKBON'B formula surge chamber 

problem, 73 
Joint, cast-iron pipe, 1 92 



ty Google 



BTDBATTUCS OF PIPE UNES 



JnuU and eonnoetiona (st«al i»pe). 



K'onsUNa and Smith, low through 

vbIvm, 22 
Kutter's (onnnU, 



Larhib's formula nirga ohunber 
problem, 74 

Loaa oE head at entrance, IB 
due to angles and bends, 23 
due to friction, 2—30 
due to obstruction. 20 
due to Hudden ooutraotion, 19 
due to sudden expaoBion, 19 
geoerol reaumd, 29 



Uamholxs and ooTers, 242 

Materials, 100 

Herriman'a formula, loaa due to oi 



Faimt for pipe linea, 232 
Piers and anohors, 228 
Pipe-line connecting two reaervoini, 
47 
flow, general theorjr of, 267 
Piping Byatema, 61 
Power dehvered at diacharge end of 

line, 60 
PicMure relief valvee, 240 
Proteetive oi 



BAinam's formula, loaa due to 

obatruetioa, 21 
Redwood viscooimeter, 260 
Relief valves, 234 
Riveted joints, calking of, 202 

joints ia sheet atoel pips, ciroum- 

feiential, 199 
joints in sheet ateel pipe, longi- 
tudinal, 196 
pipe lines, hydraalio oonditiona 
m, 201 



. >. S4 

Smith, Hamilton-ooeiBoients, 12 
Steady flow, general problem of, 41 
Steel (sheet) pipe, tS4 
Stresaes in combinations of bends or 
elbows with expansion joints, 
174 

in connections and fittings, 164 

in expansion jointa, 173 

in flat plates, 187 

in joint faateninga, flanges, bolta, 
etc., 188 

in long pipe with open enda 
oorried in alip joints, 176 

in aupporting ribe, 187 
Stresses in pipe lines, 1S9 

combined, ISO 

due to an^ea, bends and fittings, 
101 

due to bending moment in spans, 
IBS 

due to Bxponaion and con- 
traction, 226 

including load due to weight of 
pipe orelement with contained 
water, 172 

influence of anchors, piers, etc., 
180 

longitudinal stress, 160 

ring tension, 160 
Surge chamber equations, treatment 
of, 68 

general statement of problem 
and derivation of equations, 69 
Surge Chamber Problem, simplified 
by disregard of governor 
action and assnming friction 
head to vary with first power 
of velocity, 76 

treatment by model experiment 
through application of law of 
kinematic siinilitude, 19 

treatment by numerical integra- 
tion, 77 

treatment through assumption 
of predetermined program of 
aoraleration, 79 



Tsar flanges, 243 . 

Thickness, cast-iron pipe, deter- 
mination o^ 193 
sheet steel pipe, dsterminatiMi 
of. 219 



ty Google 



Vai.vw, loss of head through, 22 

pipe -line, 2H 
VenBano'B formula (or exoess pressure 



W 
Wakrbn's formula for excess pres- 
sure due to wat«r-TaiD, 163 
Wat«r-ram, 84 

Atlievi's formula, 161 
approximate formula, 160 
diBCu£Bi<m of fpnnuln, with 

numerical ooBes, 128 
excess pressure developed, 97 
formole based on moss and 

acceleration, 156 
JoukovBky's formola, 154 
law of pressure change with time, 

closure, 107 
law of pressure change with time, 

opening, 110 
physical oondltioos necessary 
to allow for elasticity of pipe, 

friction and velocity head, 89 
velocity of propagation of 

aooustio wan, 03 



lEX an 

' Water-ram— 

Venaano'B formula, 156 
Warren's formula, 163 
when lower end of pipe is held 

rigid, 105 
with gradual complete cloaiue, 

110 
with gradual partial closura, 121 
with gradual opening, 126 
wi'Ui inatantaneouB complete 

closure, 84 
with partial reflection at valve, 

closure, 122 
with partial reflection at valva, 

opening, 127 
with rapid opening from com- 
plete closure, 106 
with rapid opening fronk partial 

initial opening, 107 
with rapid complete closure, 96 
with rapid partial closure, 102 
Weiabaoh'H results, lose due to con- 
traction, 20, 24 
Welded sheet steel pipe, 108 
Williams and Kazen's formula, 

friction loss, 6 
Williams Hubbell and FenkeU, loss in 

elbows and bends, 26 
Wood stave pipe, 205 



ty Google 



Prinitd in Giut Briuin >■ 

Tki Maj/lewtr Priu, Plfmaulk 

WiUiun BnodDD k Sea, Ltd 



■>-? 



ty Google 



ty Google 



UNIVERSITV OF CALIFORNIA LIBRARY 
BERKELEY 

Return to desk &om which botrowed. 
Ihis book is DITE on the last date stamped b^ow. 



IMEERINC; LIBRARY 



NOV 2 1952 
DEC 9 19S2t. 



if 



UJ 91~100nt.e,'4BXB3eSilfl}4TB 



n,.:,i.-...ih, Google 



A^" 



YC 33144 



U,C. BERKELEY LIBRARIES 



70:i495 



COMaSMAllI, 



Engineering^ 



I 



UNIVERSITY OF CALIFORNIA LIBRARV^' 'ff. 




I, Google 



ty Google 



